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A n  s tr a c t  

V o l c a n i c  a s h e s  f r o m  t h r e e  H c l o c e c e  e r u p t i o n s  i n  t h e  F a c i f i c  

N o r t h w e s t  (Hazama,  6 , 6 0 0  y.b.p. ,  B r i d q e  R i v e r  2 , 4 4 0  y .b .2 .  a n d  

H t .  S t .  H e l e n s  Yn 3 , 4 0 0  y.h.p.)  a r e  d i s t r i b u t e d  t h r o u q h o u t  s o u t h  

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

(B.C .) a r c h a e o l o g i c a l  d e p o s i t s  a n d  o E c e  i d e n t i f i e d  c o u l d  ~ r o  v i d e  

a i c h a e o l o q i s t s  w c r k i c q  i n  t h i s  i e q i o n  w i t h  e x c e l l e n t  

t i m e - s t r a t i q r a p h i c  markers.  I n  t h i s  w o r k ,  we i n v e s t i q a i e d  t h e  

u s e  cf e n e r q  y  d i e p e r  s i v e  X-ray f l u o r e s c e n c e  (XES) a n a l y s i s  a n d  

a l p h a  c o u n t i n g  a n a l y s i s  o f  q l a s s  c o n c e n t r a ' e s  f o r  i d e n t i f y i n s  

t e p h r a s  on the b a s i s  of t h e i r  m a j o r  a n d  t r a c e  elemen:  c h e n i s t r y .  

N e u t r o n  a c t i v a t i a r  a ~ a l y s i s  ( N A A )  was a l s o  u s e d  i n  c r d e r  t o  

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

A s  s a m p l e  p u r i f i c a t i o n  p r o v e s  c o  b e  'he q r e a t e s t  b a z r i e r  TO 

the r a p i d  use o f  t h e s e  i n s t r u m e n t a l  t e c h 2 i q u e s  f o r  r o u t i n e  

a n a l y s i s ,  a  q r e a t  d e a l  o f  e f f o r t  was d i r e c t e d  ~ o w a r d s  s i m ~ l i f ~ i n q  

s a m ~ l e  p r e p a z a t i c r  p r o c e d ~ r e s .  By e x t e n s i v e l y  studyinq rhe 

e f f e c t s  o f  s a m ~ l e  p r e p a r a t i o n  on  c o m p o s i z i o n ,  we d i s c o v e i ~ d  t h a t  

t h e  <62pm size f r a c t i o n  o f  s i e v e d  a s h e s  i s  n o s t l y  q l a s s  a n d  c a n  

be  u s e d  t o  i d e n t i f y  the E.C. t e p h r a s  w i t h  o n i y  s i n p l e  

p r e - t r e a t m e n t s .  With s u c 3  p r e - t r e a ' m e n r s  b o t h  XES a n d  

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

a l l o w e d  the i d e c t i f i c a t i o n  o f  c h e  3 , C ,  t e p h r a s  w i z h  h i q h  d e s r e e s  

o f  r e l i a b i l i t y  a n d  a minimum o f  e f f o r r , .  W i t h  XZS, Zz and K wers 



u s e f u l  e le  n e n t s  f o r  d i s  t i n q u i s h i n q  amonq t h e  t h r e e  E. C. t e p h r a s ;  

a l p h a  c o u n t i n g  p e r m i s ~ e d  t h e  r e a d y  i d e n t i l i c a t i o n  c f  ?It. 5t. 

H e l e r s  Yn on t h e  b a s i s  c f  U a n d  Th c o n c e n t r a t i o n s .  XES o f f e r e d  

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

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

i n  t h e  f i e l d .  

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

i d e n ' i f y i n q  t h e  E.C. t e ~ h r a s  we u s e d  t h e  t h r e e  i n s t z u m e n t a l  

t e c h n i q u e s  t o  a n a l y z e  g l a s s  s e p a r a t e s  from the B.C. t e p h r a s  p l u s  

t h r e e  a d d i t i o o a l  s o u r c e s .  T h e  r e s u l t s  s h o w e d  that b y  u s i n q  t h e  

I t h r e e  i r s t r u m e n t a l  t e c h n i q u e s  e i t h e r  s i n g l y  o r  i n  c c u b i ~ a t i o ~  

o n e  can r e a d i l y  d i s t i n g u i s h  m o s t  o= a l l  of t h e s e  L e ~ h r a s .  T h e s e  

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

a n  unknown r e q i c n .  
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C h a p t e r  1 

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

C e r t a i n  v o l c a n o e s  t e n d  t o  p r o d u c e  c a t a s t r o p h i c  ( P l i n i a n  

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

V o l c a n i c  a s h e s  f rom t h r e e  s u c h  H c l o c e n e  e r u p t i o n s  i n  z h e  P a c i f i c  

N o r t h w e s t  (i3azama, 6 , 6 0 0  y , b . p . :  B r i d q e  S i v e r ,  2 , 4 4 0  y . b . r . ,  a n d  

M t .  S t .  H e i e n s  Yn, 3 , 4 0 0  y ,b .p . )  a r e  d i s t r i b u t e d  t h r o u q h o u t  s o u t h  

c e n t r a l  B r i t i s h  C o l u m b i a ,  Canada  and a r e  o f t e n  d i s c o v e r e d  i n  

l o c a l  (i3.C. ) a r c h a e o l o g i c a i  d e p o s i t s .  Many o f  t h e  m a j o r  

e r u p t i o n s  i n  t h e  N o r t h w e s t  h a v e  k e e n  d a t e d  b y  i r d e p e n d e c t  a e a n s .  

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

a r c h a e o l o q i s  t s  w c r k i n g  i n  t h i s  r e q i o a  w i t h  e x c e l l e o t  

t i m e - s t r a t i q r a p h i c  rnarkezs .  

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

i s  nct new, and a  v a r i e t y  o f  m e t h o d s  h a s  b e e n  u s e d  to i d e 3 t i f y  

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

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

work there a r e  r e l a t i v e l y  few t e p h r a s  t o  i d e n t i f y ,  c u r  main 

o b  j e c t i v e  was t c  d e v e l o p  a  s i m p l e ,  r a p i d ,  y e t  r e l i a k l e  method f c r  

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

sites. To t h i s  e n d ,  t h e  u s e  o f  e r e r q y  d i s p e r s i v e  X-=ay 

f l u c r e s c e ~ c ~ ,  o r  X-ray e n e r q y  s p e c t r o s c o p y ,  (XXS) was d e v e l o p e d  



f o r  ?he = o u r i c e  i d e z t i f i c a t i o n  o f  ;he t h z e e  B .C .  t e p h r a s .  3 i r h  

a n  e x t e n s i v e  s t u d y  o f  c5e  e f f e c t s  tha :  sample p r e p a r a t i o n  a z d  

a z a i y z  j r q  c o ~ d i : i o n s  h a v e  o n  r e s u l t s ,  we were a b i e  c o  s i m p l i f y  

i d e n t i f i c a t i o n  ~ r o c e d u r e s .  N e u t r o n  ac: ivaL,ion a n a l y s i s  ( N B A )  a n d  

a l p h a  c o u n r i n q  were a l s c  e x a m i n e d  a s  alternative m e a n s  o f  

f i n q e r p r i n t i c q  t e p h r a s .  

1.1 W i d e s p r e a d  H o l o c e n e  T e p h t a s  ic t h e  N o r t h w e s t  

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

d a c i t i c ,  .8hyol i : ic  o b s i d i a n  q l a s s ,  h o w e v e r ,  c o m p r i r e s  t h e  m a i n  

b u l k  wich l e s s  a b u n d a n t  p h e o o c r y s t  i n c l u ~ i o a s .  S i L i c a  cocxen :  o f  

t h e  maqma ( d e t e r m i n i n u g  i t s  v i s c o s i + , y )  a n d  q a s  c o n 7 e r . t  u i ~ i m a t e l y  

c o n t r o l  t h e  e r u p t i v e  s t y l e  o f  a v o l c a n o :  some e x c e l l e a t  e e x z s  

c o v e r  t h i s  L _ o p i c ,  (e .q .  B u l l a r d  1376,  1 9 7 3 ;  F r a c c i s  1 3 7 6 ) .  The  

M t .  S t ,  H e l e n s  1980, Y a y  18, e r u p ' i o n  is  a q o o d  e x a m p l e  o f  a 

V u l c a n i a n  t o  P l i r i a n  s t y l e  e r u p t i o n .  B o t h  V u l c a n i a n  a n d  F l i n i a r  

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

f a l l  d e p o s i t .  W h i l e  t h e  ' e p h r a  p r o d u c e d  d u r i n q  a P l i n i a n  

e z u p t i o n  i s  c o m p o s e d  m a i n l y  0 2  new maqma, t h e  t e p h r a  p r o d u c e d  

d u z i n q  a V u l c a n i a n  e r u p t i . c n  i n c l u d e s  l i t h i c  materials  w h i c h  

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

s t y l e s  u n d o u b t e d l y  c h a r a c r e r i z e  many o f  t h e  t e p h r a - p r o d u c i n q  

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



A l i h o u q h  we were p r i m a r i l y  i r r e = e s = e d  ir, r h e  fly. S t .  E e l e n s  

(Y2) , S r i d q e  F i v e r  ( B R )  a n d  = h e  Mazana ( M )  t e p h z a s ,  s a m p l e s  oi 

Glacier P e a k  (GP) a n d  a k i t e  a i v e r  ( M 3 )  %ere a v a i l a b l e  a n d  weze 

a ~ a l y z e d  f c r  c o m ~ a i i s o n ,  Je were a l s o  o c c a s i o n a l l y  r e q u i r e d  70 

i d e ~ t i f  y scme I1ncn-B. C. t e p h i a s  when s a m p l e s  o f  t e p h r a s  cominonl y 

f o u n d  i n  B.C. were c o l l e c z e d  w i z h i n  t h e  f a l l o u t  r e q i o n s  o f  o t h e r  

t e p h r a s .  T h e  d i s t r i b u t i o n s  o f  t h e  well known N o r t h w e s t  t e p h r a s  

a r e  mapped i n  F i q u r e s  1 .1  to 1 . 5  a n d  a number  o f  t h e  t o p h i a s  i n  

t h e  N o r z h w e s t  w i l i  b e  s u r v e y e d  b e l o w .  T h e r e  a r e  n u m e r o u s  

r e f e x e c c e s  c o v e r i c q   he i d e n t i f i c a t i o n ,  d a t i n g ,  a n d  d i s t r i b u i i o c  

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

M u l l i n e a u x  1 3 7 5 ;  D a v i d  1370:  P o w d e r s  a n d  E j i l c o x  1 9 6 4 )  

T h e  6 , 0 0 0  7.b. p. Mazama e r u p ' i c r  ( M )  f r o m  s o u t h e r n  Oreqo2 

was larqer t h a ~  t h a t  o f  f l i .  S t .  Helers 1 9 8 0  ( c f .  Williams 1 3 6 8 ) .  

It p r o d u c e d  u p  t o  3 0  c u k i c  km. o f  t e p h r a  w h i c h  c o v e r e d  o v e r  a  

m i l l i o n  s q u a r e  k i l o m e t e r s  ( K i t t l e m a n  1 3 7 9 )  , T h i s  e r u p t i o n  

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

p r o d u c e  C r a t e r  L a k e ,  D e p o s i t s  of  Mazama a s h  ex'end weil i n 7 0  

s o u t h e n  B.C., A l b e r t a ,  a n d  S a s k a t c h e w a n  ( e . q .  N a s m i t h  et a i .  

1 9 6 7 ;  R o y s e ,  1 9 6 7 ) .  S a m p l e s  h a v e  b e e n  c o l l e c t e d  a s  f a r  n o r t h  a s  

Edmonton ,  A l b e r t a  ( e . g .  W e s t q a t e  e t  a l .  1 3 6 9 ;  V e s t q a t e  a n d  

D r e i m a n i s  1 9 6 7 ) ,  a n d  a s  f a r  e a s t  a s  E m p r e s s ,  S a s k a t c h e w a n  ( D a v i d  

137G) .  T h e  Mazama t e p h r a  may a c t u a l l y  b e  c o m p o s e d  o f  t e p h r a  

p r c d u c e d  f r o m  a t  i e a s t  2 e r u p r i o n s  w h i c h  o c c u r r e d  b e t w e e n  6 , 5 0 0  

a n d  7 , 0 0 0  y.b. p ,  (Mack a n d  O k a z a k i  1 3 7 9 )  . C h e n i c a l  a n a l y s e s  o f  
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q l a s s ,  h o w e v e r ,  show n o  d i s c e z n i b l e  c h e m i c a l  d l z z e r e n c e s  t e t w e e n  

t h e  l a y e r s  ( c f .  B o r c h a r d t  el-, a i .  1 3 7 1 a ;  B o r c h a r d t  a n d  Howard 

1 9 7 1 ) .  

The 3 , 4 0 0  y.b.p.  Me. St. H e l e n s  (Yr) t e p h z a  f r o m  i 4 a s h i n q t o r  

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

Cen t ra l  B.C. i n t o  A l k e r t a  a n d  s a m p l e s  C a v e  b e e n  c o l l e c t e d  n e a r  

E o t w i s t i e ,  A l b e r t a  ( W e s t q a t e  e t ~ a l .  1 9 7 0 )  . T e p h r a  r e s e m b l i n q  a 

s e c o r d  bu",ounqez ( 4 5 0  y . b , p . )  l a y e r  f r o m  fit. S t ,  H e l e n s  ( W )  h a s  

b e e n  c o l l e c t e d  n e a r  O s c y o o s  a n d  K a s l o  ( S m i z h  a n d  O k a z a k i  1 9 7 7 )  , 

b u t  h a s  not y e t  bee r ,  d i z c o v e r e d  f u r t h e r  west i n  B.C.. T h e  150  

y .b ,p ,  M t .  S t ,  Heleris ( T )  ~ e p h r a  ( O k a z a k i  et a i .  1 3 7 2 )  ;?as n o t  

y e t  k e e n  r 'ound ix! C a n a d a .  M Y .  S t .  Helens h a s  u n d e r q o n e  a 

c o m ~ l i c a t e d  s e r i e s  of e z u p z i o n s  t h r o u q h o u t  t h e  H o l o c e n e ,  a o d  up  

r o  8 e r u p z i v e  s e q u e n c e s  h a v e  b e e n  i d e n t i f i e d  near t h e  s o u r c e  

( e ,  q .  C r a n d e l l  a n d  M u l l i n e a u x  1 3 7 3 ;  M u l l i 3 e a u x  e t  a l .  1 975 )  . Two 

a d d i t i o n a l  M t ,  S t .  H e l e n s - l i k e  t e p h i a s  h a v e  beer!  i d ~ n t i f  i e d  ir, 

C a n a d a .  One d a t e d  a t  2 , 0 7 0  y .b .p .  i s  p o s s i b l y  f r o m  t h e  MY. S t .  

H e l f n s  P e r u p r i . c n .  The o t h e r  d a t e d  a t  4 , 4 0 0  y.n.p.  was 

d i s c c v e i e d  near H i a t c n ,  A l b e z t a  a n d  i s  p o s s i b l y  f r c m  t h e  M t .  St. 

H e l e n s  Yb e r u p t i o n  ( c f .  W e s t q a t e  1 3 7 7 ;  Brewster a c d  B a r n e t t  

1 5 7 9 ) .  I n  t h e  C k a n a q a n  r e q i o r ,  n o  m o r e  t h a z  o n e  l a y e r  

a t t r i b u t a b l e  t o  Hz. S t .  Hele-rs h a s  e v e r  b e e n  d i s c o v e r e d  i n  a 

l a n d - b a s e d  d e p o s i t .  



T h e  2 , 4 4 0  y .b .p .  B r i d q e  B i v e r  (SE) e r u p t i o r  f r c n  Meaqer Mz. 

ic t h e  L i l i o o e t  V a l l e y ,  B.Z. s p r e a d  : e p h r a  a c r o s s  c e n t z a l  B . C .  

i ~ t o  B a n f f  a n d  J a s p e r  n a t i o n a l  p a r k s  ( e . q .  N a s m i t h  e t  a i .  1 9 6 7 ;  

Reed  1 9 7 7 ;  Wes'gate a n d  D r e i m a n i s  1 3 6 7 ;  W e s t q a t e  e ;  a i .  1 3 7 0 )  . 
Z e c e n t  s a n ~ l e s  c o l l e c t e d  f rom P h a i r  L a k e ,  B.C. ,  e x t e n d  " a e  

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

(2. Mathews 1380:pers .comm.)  . A t h i s  l a y e r  i n  t h e  Otzez C r e e k  

b o q ,  p o s s i b l y  f r c m  B r i d q e  R i v e z ,  s u q g e s t s  :ha t  a  y c u r q e i  (-2,000 

y.b.p.)  l o h e  o f  ER t e p h r a  t r a v e l l e d  sou:h ( W e s t q a t e  1 3 7 7 )  . In 

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

R i v e r  t e p h r a  were i d e n ' i f i e d  ( W e s ~ q a ~ e  e t  a l .  1 9 7 0 )  

T h o u q h  a s h  f rom t h e  - 1 4 , 0 0 0  y . b . p ,  G l a c i e r  P ~ a k  ( G )  

e r u F t i o n  (GPG) h a s   bee^ c o l l e c t e d  i n  tZie S o u t h e r n  ~ c r t i o n  o f  

A l k e r t a  ( W e s t g a t e  e t  a l .  1 3 7 0 ) ,  i t  i s  b e l i e v e d  t h a t  q l a c i a t i o n  i n  

B.C. p r e c l u d e s  i t s  d e p o s i t i o n  i n  B.C. ( F u l t o n  1 3 7 1 ;  W e s t q a t e  e t  

a l .  1 9 7 0 ) .  T h e  Glacier P e a k  s e q u e n c e  i s  o n l y  r e c e n t l y  b e i n q  

f u l l y  s t u d i e d  n e a r  t h e  s o u r c e ;  up t o  3  t e p h r a  l a y e r s  n a y  e x i s t  

n e a r  t h e  s o u r c e  v e n t  ( P c z t e r  1 9 7 8 ) .  Two o f  t h e s e  a r e  f r o m  m a i o x  

e r u p t i o n s ,  w 1 4 , 0 0 0  y.b. p .  G - l a y e r  a n d  -1 2 , 0 0 0  y .b .  p. B-iaver. 

W e s t q a t e  a n d  E v a n s  ( 1 9 7 8 )  h a v e  d i s c o v e r e d  a  p o s s i b l e  z h i r d  l a y e r  

( t h e  I r v i n e  b e d )  n e a r  W a l s h ,  A l b e r t a .  

T h e  s o u r c e  o f  t h e  W h i t e  R i v e r  (HE) r e p h r a  i s  b e l i e v e d  t o  bo 

u n d e r  t h e  K l u t l a n  Glac ier  o f  Mt. N a t a z h a t  i n  t h e  Yukon a n d  i s  

r e p r e s e n t e d  b y  t w o  lcbes. One ( 1 , 9 0 0  y .b .p . )  i s  a n o r t h  t r e n d i n q  



l o b € .  T h e  o t k e z  ( 1 , 2 5 0  y.b. p . )  i s  a  moxe w i d e s p r e a d  e a s t  

z r e r d i n q  l o b e  (Lezbekmo e5 a l .  1 9 7 5 ) .  S a m p l e s  of a n  e a i l i e z  

t e p h r a  ( a p p r o x i m a t e l y  30,OCO to 8 0 , 0 0 0  y .  b. p . )  w e r e  d i s c o v e z e d  by  

J . V  E a t t h e w s  a t  ? h e  Old Crow S i t e  i n  N o r t h e r n  Yukon ( S . 8 .  9 u t e e r  

1  S 8 C : p e r s e  comm.) . 

1 . 2  C h e m i c a l  M e t h o d s  o f  C o r z e l a t i o n  

I n  o r d e r  s o  f i n g e r p r i n t  t e p h r a s  f o r  c o r r e i a 5 . 0 ~  p u r p o s e s ,  

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

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

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

T h e  s t u d y  cf t h e  a s h  p a r 5 c l e  s i z e ,  q r a d i a q ,  c o l o r  a c d  

s t i a  t i g r a p h i c  r e l a t i o n s h i p s  3ear t h e  s o u r c e  v e n t  h a s  p r o d u c e d  

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

d e p o s i t s  i n  t h e  v i c i n i t y  c f  the e r u p t i o n  ( e . q e  P o r t e r  197e:  

M u l l i n e a u x  e t  a l .  1 3 7 5 ) .  I d e r ? t i f i c a ? i o n  o f  t e p h r a  d e p o s i t s  f s o m  

d i s t a l  f a l i c u t  z e g i o n s ,  h o w e v e r ,  i s  not  e a s y .  The  f o r t u i t i o u s  

a s s o c i a t i o n  o f  o r g a n i c  ma te i i a l s  w i t h  some  o f  t h e s e  d i s t a l  

d e p o s i t s  h a s  p r o d u c e d  C-14 d a t e s  w h i c h  ( a l o n q  w i t h  p e t r o l c q i c a l  

s t u d i e s )  h e l p e d  i d e ~ t i f  y some  d i s t a l  l a y e r s  ( e .  q .  W e s t q a t e  a n d  

Dreimaris 1 9 6 7 ) .  H o w e v e r ,  o r q a n i c s  a r e  o n l y  r a r e l y  a s s o c i a t e d  

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

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

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

d e t e r m i n a t i o n  o f  r e f r a c t i v e  i n d i c e s  o f  m i n e r a l  o r  q l a s s  s h a r d s  
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~ n h e z i t e d ,  d e t r i : a l  a n d  p t e z o c r y s :  m i ~ e r a l s  a r e  r e m o v e d  with 

h e a v y  i i q u i d  s e ~ a z a t i o n s  O i  w i t i  s e p a z a c i o x s  u s i n q  a  F r a c z  

m a g n e t i c  s e p a r a t o r .  30s: t e c h n i q u e s  o f  s a a p l e  p z e p a r a r i o n  p r o v e  

lcnq a n d  t e d i o u s .  

C M i c r o p r o b e  a n a l y s i s  h a s  b e e n  t h e  most w i d e l y  a p p l i e d  

i n s t r u m e n t a l  t e c h n i q u e  f o r  c o r r e l a t i n q  t e ~ h l a s  i n  ;he P a c i f i c  

N o r t k w e s t  ( c f .  S m i t h  a n d  W e s t q a r e  1 3 6 4 )  . By f o c u s i n q  t i e  

e l e c t r o n  beam a s s o c i a t e d  w i t h  t3e s c a n n i c q  e l e c t r o n  m i c r o s c o p e ,  

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

a n a l y z e  t h e n  f o r  t h e i r  m a j o r  e l e m e n t  c o m p o s i t i o ~  b y  way o f  

e l e c t r o n  beam i n d u c e d  X - r a y  f l u o r e s c e n c e .  T h e o r e t i c a l l y ,  

I a n a l y s i s  b y  s u c h  m e a n s  s h o u i d  e l i m i n a t e  t h e  n e e d  70 s e p a c a t e  o u t  

b u l k  s a m p l e s  o f  q l a s s  o r  m i n e r a l s .  I n  p r a c t i c e ,  h o w e v e r ,  sample 
1 

1 p r e p a r a t i o n  h a s  F r o v e n  t o  be a s  t e d i o u s  a s  t h a t  r e q u i r e d  f o r  h u l k  

s a m p l e  a r a l y s i s  w i t h  = h e  o t h e r  i n s t r u m e z t a l  t e c i n i q u e s .  F o r  

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

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

b i n o c u l a r  m i c r o s c o p e .  The  s a m p l e  i s  t h e 2  m o u n t e d  i n  e p o x y  r e s i n ,  

z h i n  s e c t i o n e d  t o  a b o u t  5 0  pm a n d  c o a t e d  w i t h  c a r b o n  i~ 

p r e p a r a t i o n  f o r  a n a l y s i s  ( S m i r h  a n d  W e s t g a t e ,  1969) . T h i s  

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

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

z r e a t r n e r i ~ s .  F o r c e p s  a r e  u s e d  t o  select g l a s s  s h a r d s  w h i c h  a r e  

t h e n  mouneed o c  a  g l a s s  s l i d e  w i t h  e p o x y  r e s i n ,  P r i o r  t o  

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

p o l i s h i n g  ( S m i t h  a n d  O k a z a k a  1 3 7 7 ) .  



F 
C One a d v a n t a q e  o f  t h e  m i c z o p r o b e  m a ~ k o d  i s  t h a t  z h e  a n a l y s i s  

1) o f  t h e  u n v e a s h e r e d  i n t e r i o z  o f  q i a j s  s h + r d s  a r d  t h e  u s e  o f  ; h e  

: e l e c t r o n  m i c r o s c o p e  t o  a v o i d  a n a l y z i n q  m i c r o c r y s t a l s  s h o u l d  
I 

p r o d u c e  a  moze a c c u r a t e  n e a s u r e  o f  q l a s s  c o m p o s i t i o ~ .  The  

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

- t h a t  o n l y  a n a l y s i s  o f  m a j o r  e l e m e n t s  i s  p o s s i b l e ,  F o t a s s i u m ,  
J 

I c a l c i u m ,  a n d  i r c r .  a r e  :he mos t  commor. e l e m e n r r  f o r  c o r r e l a r i o a  

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

Z t r a c e  e l ~ m e n t r ,  h a v e  s e v e r a l  a d v a n t a g e s  o v e r  m a j o r  el em en^ 

'\ 
a a a l y s i s .  T h e s e  a r e :  1) 1 t e p h r a  q l a s s e s  a r e  q u i t e  s i a i l a r  i n  

t h e i r  m a j o r  e l e m e n t  c o m p o s i t i o n ,  but t r a c e  elemen's  c a n  b e  

e x p e c t e d  t c  e x h i k i t  q r e a t e r  v a r i a b i l i t y  bet wee^ ' e p h r a  s o u r c e s  

( c f .  B i r d  e t  a l .  1 9 7 8 ) ;  2 )  f o r  a n y  c h e m i c a l  q r o u p ,  h i q h e r  Z = r a c e  

e l e n e n t s  h a v e  l a i q e r  i o ~ i c  s i z e s  a n d  a r e  less l i k e l v  t o  l e a c h  

d u r i ~ q  h y d r a t i o ~  o r  w e a t h e r i n q  ( c f .  Jambon e t  C a r r c n  1 3 7 3 )  ; 3 )  
,' 

t h e  l a z q e r  t h e  numbez o f  e l e m e n t s  o n e  i s  a b l e  t o  a n a l y z e  wish a  

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

o n e  e l e m e n t  which  i s  u s e f u l  f o r  d i s c r i m i ~ a t i n q  b e t  weer! d i f f e r e n t  

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

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

t e p h r a s  (Westga 'e  1 3 8 0 ) .  1 d e n t i f i c a : i o n  o f  c o m a q m a t i c  t e ~ h r a s  

may ke  p a r t i c u l a r i y  ~ r o k l e m a z i c  wher u s i n g  m a j o r  e l e m e n t  

c h e a i s t r y .  



P .  TZe c e x t  mcsi w i d e l y  a p p i i e d  i n s t r u m e n t a l  c h e m i c a l  n e t h o d  

'1 
f o r  f i c q e i p r i n t i ~ g  t e p h r a s  is n e u i r o r ?  a c ~ i v a t i o r .  a n a l y s i s  ( N A B )  

( e . q .  3 o r c h a r d r  e t  a l .  1 3 7 1 a ,  1 3 7 2 ) .  T h o u q h  N A A  h a s  b e e n  

a p p l i e d  f a i r l y  e x 5 e n s i v e l y  e l s e w h e r e ,  we know 0 2  o n i y  o n e  s t u d y  

i n  w h i c h  N A A  was u s e d  t o  i d e n t i f y  a n u m b e r  of t k e  ' f p h r a s  fzom 

t h e  P a c i f i c  N o r t h w e s t  ( E o r c h a r d t  e t  a;. 1 9 7 1 a ) .  i i t h  N A h  a l a r q e  

r a n q e  of t r a c e  e l e m e n t s  car  b e  a n a l y z e d .  Some d i s a d v a n t a q e s  a r e  

t h a t  l o c q  t u r n - a r o u n d  times may b e  z e q u i r e d  f o r  a n a l y s i s ,  i t  i s  

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

f a c i l i t y  i s  r e q u i r e d .  

X-ray  f i u o z e s c e ~ c e  t r a c e  elemeot a n a l y s i s  h a s  b e e n  u s e d  o n  

o c c a s i o n  i n  t e p h r o c h r o n o l o q y  (e .q .  S a r n a - U o  j c i c k i  1 3 7 6 ;  S u i t ; ?  a a d  

Nash  l 9 7 6 ) ,  b u t  h a s  n o t  t e e n  u s e d  t o  c h a r a c t e r i z e  t h e  P a c i f i c  

N o r t h w e s t  t e p h r a s .  X R F  i s  c h e a p e r  t h a n  N A A  w i t h  c o n s i d e z a b i y  

s h o r t e r  t u r n - a r o u n d  times. I n  XBF i t  i s  n e c e s s a r y  t o  a n a l y z e  

b u l k  s a m p l e s  o f  q l a s s  o r  m i n e r a l  s e p a r a t e s .  

1.3 M e t h c d s  o f  T e ~ h r a  C o r r e l a t i o n  Used  i n  T h i s  S t u d y  

T h e r e  a r e  t w o  f o r m s  o f  X- ray  f l u o r e s c e n c e  a n a l y s i s :  1 )  

w a v e l e n q t h  d i s p e r s i v e  (XRF) ; a n d  2 )  e a e r g y  d i s p e r s i v e  (XES) . T h e  

X- ray  f l u o r e s c e c c e  work  i n  t e p h r o c h r o n o l o q y  h a s  been almost  

e x c l u s i v e i y  d o n e  with w a v e L e n q i h  d i s p e r s i v e  s y s t e n s .  Use o f  X E S  

a n a l y s i s ,  o n  t h e  o t h e r  h a n d ,  h a s  s e v e r a l  a d v a n t a q e s  o v e r  XRF f o r  



t r a c e  e l e m e n t  a n a l y s i s  o f  bulr samples,  Smal ler  a n c u n t s  c f  

samFle a r e  r e q u i r e d ,  t y ~ i c a i l y  1 qram f o r  p e l l e i s  a s  opposed 

a b c u ?  4 q z a m s  f o r  pe i ie is  a n a l y z e d  w i t h  w a v e i e c q t h  d i s p e r s i v e  

, s y s t e m s .  T h o u g h  XRF p r o v i d e s  be"e= a n a l y s i s  o f  t h e  m a j o r  

' e l e m a t s ,  XES p z c v i d e s  more  e f f i c i e n , ?  a n a l y s i s  o f  h i q h e z  Z t,=ace 

r e l e m e n t s .  M u l t i - c h a n n e l  a n a l y z e r s  a r e  e a s i l y  i n c o r p o r a t e d  i n t o  

t h e  e n e r q y  d i s ~ e r s i v e  s y s t e m s ,  m a k i n q  t h e  s i m u l t a n e c u s  

m e a s u r e m e n t  of  a  wide z a n q e  of e l e m e ~ t s  p o s s i b l e .  B ~ a l y s i s  t imes  

a r e  s h o r t  i n  XES, t y p i c a l l y  5 t o  1 0  m i n u t e s  p e r  sample. F o r  

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

i g s t r u m e r ? t a i  t e c h n i q u e  u s e d  ia ' h i s  s ~ u d y .  

i W i t h  XES o n e  i s  a b i e  t o  m e a s u r e  n o t  o n l y  t h e  major e l e m e n t s ,  

K t o  F e ,  b u t  a l s o  t h e  t r a c e  elemen", Rb t c  Nb. A l t h o u q h  b u l k  

a n a l y s i s  o f  q lass  i s  n e c e s s a r y ,  It seemed t h a t  i f  a t  l e a s t  o n e  

e l e m e n t  p r o v e d  t c  be v e r y  d i f f e r e n t  i c  c o n c e n t r a t i c n  betweec a 

spec i f i c  p a i r  cf t e p h r a  s o u r c e s ,  s t e p s  c o u l d  be r a k e n  z o  s i m p l i f y  

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

d i s + i n q u i s h  b e t w e e n  t h e  ~ e p h z a  p a i r s .  A q r e a t  d e a l  o f  e f f o r :  was 

t h e r e f o r e  d i r e c t e d  t o w a r d s  u n d e r s z a n d i c q  t h e  e f f e c t s  t h a t  sample 

I p r e p a r a t i o n  a n d  a n a l y t i c a l  c o n d i t i o n s  h a v e  o n  t2e r e s u l t s  

p r o d u c e d  b y  XES.  

N A A  was a l s o  a v a i l a b l e  f o r  t5e  a n a l y s i s  o f  a  l i m i t e d  n u m k e r  

o f  s a m p l e s .  We d e c i d e d  to u s e  N A A  r o  crcss c h e c k  r e s u l r s  

o b t a i c e d  w i c h  X3S a n a l y s i s  o r  p u r e  q l a s s  separa tes .  Y i t h  N h A  o n e  



c o u l d  u s e  a d i f f e r e n t  r a z q e  o f  deme2zs t c  v e r i f y  t h a t  b u l k  q l a s s  

samples were homoqer_eous  f o r  e a c h  t e p h r a  s o u r c e  y e t  c k e m i c a l l y  

d i s t i n c t  f r o m  t e ~ h r a s  f r c m  d i f f e r e 2 t  s o u r c e s .  Zhe N A A  r e z u l = s  

c o u l d  a i so  b e  c z o s s - c h e c k e d  wirn t h o s e  a p p e a r i n g  w i ~ h i n  = k e  

l i t e r a t u r e .  Two t e p h z a  q r o u p s  i n  z h i s  s t u d y ,  BFi a ~ d  UB, h a v e  no? 

p r e v i o u s l y  b e e n  c h a r a c t e r i z e d  u s i n q  N A A .  

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

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

c o u a t i n q  f o r  i d e n t i f  y i n q  t e p h r a s  on the b a s i s  o f  t h e i r  U and T h  

c o n c € n i r a t i o n s  h a s  n o t  Y E ?   bee^ e x a m i n e d  by  o t h e r  r e s e a z c h e r s .  

B e c a u s e  t h e  a l p h a  c o u n t e r  is  a s i m p l e  p i e c e  o f  e q u i p m e r - r  i t  

s e e m e d  f e a s i b l e  t h a t ,  i f  t e p h t a s  c o u l d  b e  d i s t i n q u i s h e d  o n  :he 

b a s i s  of t h e i r  a l p h a  c o u n t  ra tes ,  a l p h a  c o u n t i n q  c c u l d  b e  a d a p r e d  

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



C h a p t e r  2 

f lEASUREf lENT THEOSY AND P R A C T I C E  

2. 1 G e n e r a l  R e q u i r e m e n t s  l o r  a  C o r r e l a t i o n  T e c h n i q u e  

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

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

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

t h e  a v e r a q e  c o n c e n t r a t i o n  a r d   he s t a n d a r d  d e v i a t i o n  f o r  a ~ u m b e z  

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

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

c h a r a c t e r i z e  e a c h  s o u r c e .  I n  o r d e r  r o  c h e ~ i c a l l y  i d e n t i f y  

j i n d i v i d u a l  s a m p l e s  i t  m u s t  b e  shown t h a t  there is a t  l e a s t  o n e  
i 
I e l e m e n t  f o r  which  t h e r e  i s  n o  o v e r l a p  a t  t h e  t w o  s t a l l d a r d  

d e v i a t i o n  r a n g e  in c o n c e n t r a t i o n  b e t w e e n  t h e  d i f f e z e c t  ' e p h r a  

S o u I c e s .  

I n  this work we h a v e  d e c i d e d  t o  s e p a r a t e  t h e  q i a s s  t c  

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

P u r F o s e s .  I n  c h a p t e r  4 we show t h a t  t h e  c o n c e n r r a t i o n s  of a 

number  o f  s u c h  s a m p l e s  a o a i y z e d  f r o m  e a c h  ~ e p h r a  s o u r c e  a r e  

Wormal ly  ( o r  G a u s s i a ? )  d i s t r i b u t e d .  We c a n ,  t h e r e f o r e ,  d e v i s e  a  

s i m p l e  tes t  (eq. 2 .1 )  w h i c h  a i l o w s  u s  to d e t e r m i n e  w h e t h e r  o r  nct 

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

i d e n t i f y i n  q i n d i v i d u a l  s a m p l e s  f rom tvo d i f f e r e n t  s c u r c e s  w i t h  a  

r e a z o n a b l e  d e g r e e  of c e r t a i n ~ y .  



a v e z a q e  c o x e n t z a i i o n  o f  
e l e m e n t  ( y )  f c z  s o u r c e s  
1 a n d  2 
s t a n d a r d  d e v i a 5 a n  

F q u a t i . c n  2 . 1  u s e s  t h e  3 5 %  c o n f i d e z c e  i s t e r v a l  c f  t h e  Norma l  

d i s z r i b u t i c n  ( 2  siqma r a a a e )  a s  t h e  d e c i s i c n  p o i n t .  I f  A i s  

q r ea t e r  t h a n  1 ,  t h e r e  i s  no  o v e r l a p  a t  t h e  t w o  r i q m a  i a n q e  i n  

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

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

t e p h r a  s o u r c e s  1 a n d  2. I t  i s  i m p o r = a n '  t o  n o t e  t h a t  t h e  

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

s a m ~ l e s  r a t h e r  t h a n  p o p u l a t i o n s  o f  a v e r a g e s ,  a s  wou ld  h a v e  b e e n  

t h e  case i f  we h a d  u s e d  ' he  t - t e s t .  C c m p a r i n q  p o p u l a r i o ~ s  o f  

i n d i v i d u a l s  i s  n e c e s s a z y  a s  we a r e  i n t e r e s t e d  i 2  i d e n t i f y i n q  t h e  

s o u r c e  o f  i n d i v i d u a l  s a m p l e s .  The s e l e c t i o n  of t h e  T W O  s i s m a  

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

s i q n i f i c a n c e  of  t h e  t w o  siqma r a n q e  f o r  mak inq  a  p r o b a b i l i s t i c  

s t a t e m e n t  i s  moxe f u l l y  d i x u s s e d  i n  S e c t i o n  6 .4 .  

G i v e n  t h a t  a 3  e l e m e n t  p r c v e s  u s e f u l  f o r  i d e n t i f y i n s  s a n ~ l e s ,  

t h e  A-coef f i c i e n t  c a n  be m o d i i i e d  so  t h a t  i o d i v i d u a l  s a a p l e s  can  

e a s i l y  b e  c o m p a r e d  z o  e a c h  o f  t h e  c h a r a c t e z i z e d  s o c r c e s  O F  t h ~  

b a s i s  of t h e  e l ~ m e n t  ( y ) .  - 



eq. 2.2 

x i  = c o n c e n t r a t i o z  of 
- --. element (y) f o r  sainple (i) 

s e e  eq. 2 .1  
S 

A va lue  f o r  I of g r e a t e r  t han  1 means t h a t  t h e  sample (i) 

does n o t  be l cng  t o  t h e  t e ~ h r a  sou rce  c h a r a c t e r i z e d  b y  ? I ,  aLd S 1 .  

I f  more t3an one e lement  i s  necessary  foz  d i s t i n g u i s h i n s  sou rces ,  

each sample musr  be  compared t o  a l l  t e p h r a  sources usinq a l l  

d i a q r o s t i c  e l e m e n t s  IE our w o r ~  we found t h a t  rnakinq 

c o m ~ a r i s o r s  element b y  element was a  u s e f u l  e x e r c i s e .  Some 

e l emen t s  a r e  s e c s i t i v e  t o  lad l e v e l s  of  con tamina t ion  azd  

scanninq  c o n c e n t r a t i c n s  o f  t h e s e  e l e a e n t s  immediately s i q c a l c  

pzoklems o f  &this type.  

I t  is  e v i d e n t  from r h e  aDove t h a t  we m u s t  know ~ h r e e  t h i n q s  

1 a t o u t  our t e p h r a s :  1)  =he averaqe  e l e a e n t a i  c o r c e i i t r a t i o r s  (z) 
f o r  a  s o u r c e ;  2 )  t h e  spread  of da t a  (S )  about  c i e  mean; and 3)  

whether t h e  concen ' ra t ions  o f  p a r t i c u l a r  elemea: s a r e  

s i q n i f i c a ~ l t l y  d i f f e r e n t  ( A > 1 )  betweerc p a i r s  of t eph ra s .  

O u r  t e c h n i q u e s  of sampie p r e p a r a t i o r  and our  

procedures  a i e  d ~ s i q r e d  t c  p rov ide  an a c c u r a t e  measuzement of t h e  

comy;csiiion x o f  t h e  maqmatic q l a s s  f o r  each t e p h r a .  We m u s t ,  

t h e r e f o r e ,  a t t e m ~ t  to reduce  t h e  u n c e r r a i n ~ y  S of cur measuremenl 



L 

o f  x .  However ,  i f  a p a r - i c u l a r  e l e m e n t  y p r o v e s  t o  be v e r y  

d i f f e r e c r  i n  c o r c e n t r a t i o n  b e t w e e n  two ' e p k r a  s o u r c e s ,  a ~ d  if a  

p a r t i c u l a r  s a t c p l e  : r e a t m e n $  d o e s  n o t  seem t o  a f f e c :  q r e a ~ l y  t h e  
< - c o n c e n t = a z i o n  o f  t n a t  e l e m e n ?  we may e l i m i n a t e  r f i e  ?rearmen:  

p r o c e d u r e .  A c e r t a i 2  i z c t e a s e  i n  t h e  s c a t t e r  a b o u t  =;le meaz 

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

e l e m e n t  is v e r y  d i f f e r e n t  ke'ween d i f f e r e n t  t e p h r a  s o u r c e s ,  s u c h  

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

a f f e c t i n q  o u z  a b i l i t y  t o  d i s t i n g u i s h  b e t w e e n  t e ~ h r a s .  I n  c u r  

work we s e e k  a b a l a ~ c e  k e t w e e 3  t h e  = e q u i z e m e r t s  f c r  p r e p a r a t i o n  

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

s o u r c e .  I f  a t  l e a s t  o n e  e l e m e n t  a l l o w s  u s  t o  d i s t i c q u i s h  bet wee^ 

t e p h r a  s o u r c e s  a t  a n  i n t e r m e d i a t e  s t a q e  i n  s a m ~ l e  p r e p a r a t i o n  we 

b e l i e v e  t h a t  a n y  a d d i t i c ~ a l  e f f c r t  t o  p r e p a r e  samples i s  a w a s t e  
- 

o f  time. T h e  f a c t o r s  w h i c h  w i l l  a f f e c t  x ,  S a n d  u l t i m a t e l y  A a r e  

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

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

A v e r a q e  c o n c e n t r a t i o n  ( : T h e  a v e r a q e  c o n c e n t z a t i o n  of 

s a m p l e s  o f  q l a s s  s e p a r a t e s  f r o m  a p a r t i c u l a r  s o u r c e  w i l l  t e  

a f f e c t e d  i f  c o n x a m i n a n t s  a r e  p r e s e n t  i n  t h e  samples. T h e  
- - 

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

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

d e p o s i t i o n .  T h e s e  m a t e r i a l s  a r e  commonly  r e m o v e d  d c r i n q  sainpLe 

p r e p a r a t i o n .  I n  C h . 3  we s t u d y  t h e  e f f e c t s  ? h a =  e a c h  s t e p  i n  
- 

p r e p a r a t i o n  h a s  c n  o u r  m e a s u r e m e n t  o f  x. I f  a? e l e m e n t  p z o v e s  



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

t t e  e f f e c t  t h a z  € a c t  s t e p  i n  s a m p l e  p r e p a r a t i o n  > a s  o n  t 3 a z  

e l e m e n t  a n d  w h e t h e r  t h a t  t r e a t m e n t  i s  of  a n y  v a l u e ,  D u z i n q  ~ h e s e  

s t u d i e s  we w i l l  b e  e x a m i n i n q  t h e  p a r t i : i o n i n q  o f  e l e m e n t s  b e  t w e e n  

t h e  q l a s s  a n d  m i r e z a l  p h a s e s  o f  the z e p h z a  s a m p l e s .  

O u r  c a l c u l a t i o n s  o f  w i l l  a l s o  d e p e n d  o n  i o n i c  d i f f u s i o a  i n  

:he q l a s s  d u r i r g  h y d r a t i o n  a n d  c t h e r  f o r m s  o f  w e a t h e r i n q ,  

W e a t h e r i n q  e f f e c t s  w i l l  h e  d i s c u s s e d  i c  Ch.3  bu' t h e r e  i s  l i t ~ l e  

that c a n  b e  d o n e  i n  :he way o f  s a m p l e  p r e p a r a t i o n  t o  r e d u c e   he 

e f f e c t  t h a t  = h e = €  p h e n o u e n a  w i l i  h a v e  on c u r  m e a s u z e s  o f  

c o n c e n t r a " , i o n .  We c a n ,  h o w e v e r ,  d e t e r m i n e  t h e  e f f e c t  t h a t  

w e a t k e r i n q  k a s  c n  t h e  u n c e r t a i n ' y  o f  our m e a s u r e m e n t s  o f  a ~ d  

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

d i s t i n q u i s h  b e t  ween t e p h r a s .  

S t a n d a r d  D e v i a t i o n  ( 5 ) :  The s p r e a d  i n  d a t a  a b o u t  t h e  mean 

w i l i  b e  a f f e c t e d  b y :  v a r i a b l e  l e v e i s  o f  c ~ n t a m i n a t i o n  ancxiq 

s a m ~ l e s ;  d i f f e r ~ r t  w e a t h e r i n q  a n d  l e a c h i n g  o f  samples: 

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

i n s t r u m e n t a l  a n d  o p e r a t i o ~ a l  e r z o r s ;  mode o f  s a m p l e  p r e s e n r a t i c n ;  

a n d  c o u n t i n q  s t a t i s t i c s .  I n  Ch 4 we e x a m i n e  a l l  t hese  f a c t o r s  

t h a t  caz a f f e c t  t h e  s p r e a d  i n  d a t a  a b o u t  t h e  mean c c n c e n t z a t i o a s .  



5 
D i s t i n q u i s h a b i l i t y  ( A )  : Inf o r m a t i o r ,  on  f a c t o r s  a f  f e c t i n q  S 

a c d  7 i s  o f  c c  v a i u e  u n l e s s  ue know whe'hez t h e r e  a r e  a z y  

e l e m e n t s  d e t e c t a b l e  by  XES which  a i i o w  u s  r o  d i s t i n q u i s i  k e t w e e n  

t h e  d i f f e r e x i t  t e r h r a  s o u z c e s  ( . 4 > 1 ) .  ir, o u r  work we s t u d i e d  A b y  

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

N o r t h w e s t  t e p h r a  g r o u p s  o f  i n t e r e s t .  B o t h  p u r e  a n d  n e a r l y - p u r e  

samrle s were a n a l y z e d .  A-coef f i c i e n t s  were c a i c u l a t e d  c o m p a r i n q  

a l l  t e p h r a s  e l e m e n t  hy e l e m e n t  ( c h a p t e r  5 ) .  R e s u l t 5  o b t a i n e d  

u s i n q  N A B  a n d  a l ~ h a  c o u l t i n q  a n a l y s i s  of t h e  s a m p l e s  weze 

c o m p a r e d  to t h o s e  i n  t h e  l i t e r a ~ u r e  a n d  were u s e d  :c c r o s s  check 

resul ts  o b t a i n e d  w i t h  XES a n a l y s i s .  

S i m p l i f i c a t i o n :  Once we had i n f o r m a t i o n  o n  y ,  S a n d  A 

we a t t e m p t e d  t o  i d e n t i f y  a  number  o f  i r i d i v i d u a l  samples 

w h i c h  h a d  u n d e r q c ~ e  a  minimum o f  p r e p a r a t i o n  (Cb.  6 ) .  When ue 

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

e a c h  o f  t h e  t h r e e  B.C. t € ~ h r a s  u s i n q  a l l  s a m p l e s  i d e n t i f i e d  a?  

i n t e r m e d i a t e  s t a q e s  o f  s a m ~ i e  p r e p a r a t i o n .  By c h a r a c z e r i z i n q  

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

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



2 . 2  A n a l y t i c a l  T e c h n i q u e s  a n d  P r a c z i c e  

A )  P r i n c i p l e s  o f  X-ray E n e r q y  S p e c t r c s c o p y  ( X E S )  

Z x c i t a t i c n  a n d  F l u o r e s c e n c e :  9 h i q h  e n e r g y  p h o ~ o n  o r  

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

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

c a u s e  the s a a p l e  t o  emit  X-rays t h a t  c h a r a c t e r i z e  - h e  e l e m e n t s  

a c o m p r i s i n g  it. T h e r e  a r e  a  n u m b e r  o f  t e x t s  d e a l i n q  wi t3  t h e  

p r i n c i p l e s  a n d  p r a c t i c e  o f  X - r a y  f l u o r e s c e n c e  a c a l y s i s  (e .  q. 

B e r t i n  197C;  J o l d s e t h  1 9 7 3 ) .  O n l y  i n f o r m a t i o c  recessary t o  

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

I n  XXS, we u s e  a m o n c c h r o m a t i c  beam cf p r i s a r y  X - r a y s  c o  

i n d u c e  f l u o r e s c e r c e .  T h e  d e s i r e d  f o r m  o f  beam a b s o r p = i o n  f o r  X4S 

i s  t h a t  w h i c h  p = c d u c ~ s  t h e  p h o t o e i e c t r i c  e f  fec ' ,  l e a v i z q  

v a c a n c i e s  i n ,  m a i n l y ,  t h e  K s h e l l .  T h i s  i s  f o i i o w ~ d  Sy a s e r i e s  

o f  e l e c t z o r  i z a n s i t i ~ n s  w i t h  e m i s s i o n  of  c h a r a c : e r i s t i c  X-rays. 

D u r i n q  f l u o r e s c e n c e  t h e  e n e i q i e s  o f  t h e  X-rays e m i t t e d  b y  t h e  

s a m p l e  are e x a c t l y  e q u a l  t o  t h e  d i f f e r e 3 c e  i n  b i n d i r q  e r e r q y  

b e t w e e n  t 3 e  i n n e r m o s t  ( K )  a n d  o u t e r  e l e c z r c n s  of " h e  e l e m e n r r z  

e x c i t e d  i n  t h e  s a m p l e .  A s  t h e  s p r e a d  in e o e i q y  b e t w e e c  i r z e z  

a n d  o u t e r  e l e c t z o n s  i n c r e a s e s  w i t h  i n c r e a s e  i n  Z h i q h e r  e n e r q y  

X - r a y s  a r e  e m i k x e d  b y  h i g h e r  Z e l e m e n t s .  When K v a c a n c i e s  a r e  

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

t r a n s i t i o n  w i l l  p r o d u c e  K - a l p h a  s e c o m i a r y  X-rays. Ofhez 



- , , a r s i t i o n s  - aze  a l s o  p o s s i b l e  i n  w h i c h  K-be:a, L-alpia ,  be's o r  

qamma X-rays a I e  produced. Each e l ~ r n e z t ,  c k e f e f o r e ,  can k e  

i d e r t i f i e d  b y  examininq X-rays emi t t ed  a t  more t h a 2  oze enerqy .  

The p r o b a b i l i t y  of pprducinq t h e  p h o i o e ~ e c t r i c  e f f e c t  i s  

g z e a t e s t  w h e n  t h e  enerqy  of t h e  i n c i d e n t  beam (E) i s  s l i q b t l y  

h iqher  t han  t h e  K - a b s o r ~ t i o n  edges  (EB) of t h e  t a z q e t  ( K )  

e l e c t r o n s .  When E < E B  no a b s o r p t i o n  b y  t h e  p h c t o e l e c t r i c  e f f e c t  

i s  ~ o s s i k l e .  Yhen t h e  enerqy of t h e  i nc ide r i t  beam i s  l e s s  than  

o r  q r e a t l y  exceeds  t h e  K-absorption edges  of t h e  e l emec t s  

ccrnprisinq t h e  sampie, a b s o r p t i o n  b y  'he p h o t o e i e c r ~ i c  e f fec i :  

d e c r e a s e s . a r d  o t h e r  fcrms of X-ray s c a t t e r  (Compfon a rd  Rayle iqn)  

beq in  t o  dcminate.  I n  cu r  system we c o n t r c l  t h e  enerqy of t h e  

e x c i t a t i o n  keam aad reduce s c a t t e r  b y  produciilg a  monochicmai_ic 

e x c i t a t i o n  beam. This is done by  us ing  Bremstra5lunq X-rays, 

produc.ed b y  an X-ray t u k e ,  t o  e x c i t e  a  s e c c r d a r y  t a r s e t  of pure  

m a t e r i a l .  T h e  s ~ e c t r a l  l i n e s  o f  t h e  secondary t a r s e t  a r e  passed 

th rcuqh  a  f i l t e r ,  composed of t h e  same m a t e r i a l  a s  t h e  secondary 

t a r g e t ,  aEd a r e  then  u s e d  t o  f l u o r e s c e  t h e  sample. We use a  

s i l v e r  secondary  t a r q e t  t o  p r e f e i e n t i a i l y  e x c i t e  t h e  e i e m e n ~ s  R b  

t o  Nb and a  Zn secondary t a r q e t  zo  ana lyze  b e t ~ e r  t h e  e l e ~ e n t s  K 

t o  Fe. 

Monitoring t h e  l e v e l s  of Comptcn ( C p )  and Rayleiqh (1;) 

backcround s c a z t e r  can Frovide  va luab l e  i n f o r m a t i o n  abou t  t h e  

c o m ~ o s i t i o r  of a  sampie matrix.  Rayle igh ( e I a s t i c )  s c a t t e z  



o c c u r s  wher t h e  e n e r q y  o f  t h e  i z c i d e a t  b e a n  qrea : ly  e x c e e d s  t h s  

b i n d i n s  ecerqy o f  t5e e l e c t r o n s  i n  t k e  s a ~ p l e .  Z a y i e i q h  z c a ' t e r  
a. 

i c c r e a s e s  i n  p r o ~ c r t i o n  t c  Z. Coinpion ( i z e l a s t i c )  $ c a t : e r i n q  

o c c u r s  wher t h e  e n e r q y  o f  z h e  i n c i d e z t  beam i s  l e n s  t h a n  ?ha :  o f  

t h e  k i n d i n q  e n e r q y  o f  t h e  e l e c t r o n s  i n  t h e  s a m p l e  and  i n c r e a s e $  

- I  i n  ~ r o p o r t i o n  t o  Z. The  Cp/B r a t i o  v a r i e s  i n  p r o p a r t i o n  t o  Z a n d  

s e r v e s  a s  a n  i n d i r e c t  m e a s u r e  or' t h e  a v e i a q e  Z a n d  t h e  mass 

a b s o r p t i o n  c o e f f i c i e n t  ( u / p )  o f  t h e  sample m a t r i x  (cf. K u n z e n d o r f  

197 1 : N e i l s c r  1 3 7 7 ) .  

D e r e c t i o n :  When a keam o f  s e c c 2 d a r y  X-rays  emerqes f rom a  

s a m r l e  i t  i s  necessary t o  i d e n t i i y  t h e  e n e r q y  o f  eack. X-ray 

c o m p r i s i n q  ? h e  beam arid c o u n t  t h e  number  o f  p h o t o n s  a r r i v i n q  a t  

e a c h  e n e r q y .  I n  a n  e n e r q y  d i s p e r s i v e  (SES) s y s t e m ,  s u c h  a s  :ha: 

u s e d  i n  = h i s  s t u d y ,  t h e  pho'on e n e r s i e s  a n d  i n r e n s i y i e s  o f  t h e  

X- rays  are  m e a s u r e d  w i t h  a s e m i - c o n d u c t i n q  s o l i d  s t a t e  c r g s t a i  

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

sys tems (XEiF) t h e  beam c f  s e c o n d a r y  X-rays i s  f i r s :  d i s p e r s e d  

i n t o  s e p a r a t e  beams c2 d i f f e r e n t  w a v e l e n g t h s  u s i n g  a  d i f f r a c t i o n  

c rys t a l .  T h e s e  p h o t o n s  a r e  t h e n  d e c e c t e d  a n d  c o u n s e d  a t  e a c h  

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

The  a d v a n t a q e s  o f  XES f o r  our  t y p e  o f  work were d i s c u s s e d  i n  

s e c t i o n  1.3. 



A n a l y s i s :  I n  e n e r q y  d i s p e z s i v e  s y s x e m s  o n e  q m e z a i l y  uses  a 

m u l t i - c k a n n e l  p u l s e  h e i q h :  a s a l y z e r  i~ o z d e r  t o  c o u n t  

s i m u l t a n e o c s i y  t h e  p h o t o n s  a r r i v i n q  T O  r k e  d e t e c t o r  a ?  a  h i d e  

r a n q e  of e n e r g i e s .  I n  f i q u r e  2.1 we a i v e  a n  e x a m p l e  o f  a ~ y p i c a l  

e z e i q y  s p e c t r u m  ~ z o d u c e d  ky a n a l y z i n s  a r e p h r a  sainple w i t h  a  ~q 

s e c o n d a r y  t a r q e t .  I n  f i q .  2 .2  a  sample i s  a n a l y z e d  w i t h  a  Zn 

s e c o n d a r y  t a z q e ' .  U s i ~ q  c u r  a n a l y z e r  t h e  e n t i z e  s p e c t r u m  i s  

s p r e a d  o v e r  4 0 0  c h a n n e l s .  The  p o s i t i o n  a i o n q  t5e X - a x i s  

i n d i c a t e s  t h e  e r e r q y  of F ~ O ~ O ~ S  e m i z t e d  by t h e  s a m ~ l e ;  e a c h  p e a k  

' i d e n r i f i e s  a n  elemeci i n  t h e  sample. T h e  heiqn':  ( c z  a r e a )  o f  

e a c h  p e a k  i s  p i c p o r r i o n a l  z o  t h e  a m o u n t  o f  a n a l y z e  i z  = h e  s a m ~ l e .  

The  Compion a n d  R a y l e i q h  s c a t t e r  p e a k s  a r e  i n c l u d e d  is o u r  

s p e c t r a .  F o r  hiqn Z m a t e r i a l s  c h e  Z a y l e i q h  s cac t e r  p e a k  hill h e  

h i q h e s t ;  f c r  l o w  Z m a t e r i a l s ,  s u c h  a s  t h a t  i n  o u r  e x a m p l e ,  t h e  

C o r t ~ t o n  p e a k  will d o m i n a t e .  A d d i t i o n a l  b a c k - s c a t z e r i n q  o f  

s e c o n d a r y  X - r a y s  ia t h e  s a m p l e  p r o d u c e s  n o s t  o f  'he b a c k q r o u a d  

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

o r d e r  t o  c a l c u l a r e  ne': p e a k  a r e a s .  

I n s t r u m e n t a t i o n :  A t  SFU t3e B r e m s t r a h l u c g  X - r a y s  a r e  

p r o d r c e d  w i t h  a S i e m e n s  X-ray t u b e .  T h e  sample c h a m b e r  h o u s e s  a 

s t a i n l e s s  s t ee l  n i u l t i - s a m p l e  c h a n q e r  e c u i p p e d  t o  h c l d  u p  t o  16 

s a m ~ l e n .  T h e  s a n p l e  c h a m h e r  i s  e v a c u a z e d  f o r  a n a l y s i s  a n d ,  ui:? 

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

a n a l y z i n q  p o s i i i c n .  F o r  t h e  a n a l y s i s  o f  s o l i d  specimecs a n d  

p e l l e t s  we u s e  a l u m i n u m  s a m p l e  c u p s  w i z h  c b a n q e a b l e  myla: 











windcwz.  F c r  a n a l y s i s  o f  l o o s e  p o w d e r  s p e c i m e r i s  we p l a c e  r h e  

s a m p l e  i n  1 3  m m  d i a .  Somar  8 3 4 0  p l a s ' i c  Spec - l zo  c u p s  wi'h m y l a r  

windows,  

D e t e c t i o n  i s  b y  w a y  o f  a  Kevex l i t h i u m  d z i f r e d  s i l i c c n  

~i ( L i )  s e m i - c o n d u c t i n q  d e t e c r o r  c r y s t a l  c o n n e c t e d  t o  t h e  

a p ~ r o p r i a t  e e l e c t r o n i c s .  a e c a u s e  o f  l i m i t e d  d e t e c t o r  r e s c l u  ' i o n  

(FWHM o f  r o u g h l y  . 2  K e V  f o r  F e )  we are  u r r a b l e  t c  d i s t i n q u i s h  

b e t w e e n  t h e  K - k c t a  l i ce s  o f  K ,  Rb, S r ,  a r d  Y a n d  t h e  r e s p e c t i v e  

K - a l ~ h a  l i r e s  o f  C a ,  Y ,  Zz, a n d  Nb. 

Two s e p a r a t e  m u l t i c k a c n e i  a n a l y z e r s ,  t h e  N u c l e a r  Da:a (9E) 

8 1 2  a n d  t h e  V i c t c r e e n  S c i p p  a o d e i  104TP mul ' i chanrre?  a n a y z e r  

( S C I F P ) ,  were u s e d  f o r  t h i s  p r o j e c t .  f l a l f u n c 5 . o n i n q  o f  the ND812 

r e q u i r e d  that we c o m p l e t e  m o s t  o f  o u r  work  u s i n g  t h e  S C I P F ,  T h e  

s e t t i n g s  o n  '5e SCIPP c c u l d  b e  a d j u s t e d  s o  t h a t  e a c h  s p e c t r u m  

c o u l d  be a c c u m u l a t e d  io a n y w h e r e  f r o m  10C t o  3 6 0 0  c h a n n e l s .  I n  

o u r  work a s e r i e s  o f  2 4  spec'ra, e a c h  o c c u p y i n g  4 0 0  charnels, is 

t y p i c a l l y  c c u n t e d  i n t o  t h e  3600  c n a c z e i s .  T h e  d a t a  ( n u m b e r  sf 

c c u n t s  p e r  c h a n n e l )  a r e  z e c o r d e d  i n  d i q i t a l  f o r m  o n t o  maqoe- . ic  

t a p e  a n d  t h e n  t z a n s f e r r e d  t o  a n  I B M  370  c o m p u t e r .  With a  

p a c k a q e d  p r c q r a r n  (SAMPO) (cf. R o u t t i  1 3 5 3 )  we r e c o q r i i z e d  t h e  

p r e s e n c e  o f  p e a k s ,  f i t t e d  i d e a l i z e d  p e a k  f c r m s  70 the p e a k s ,  

s u k t  r a c k e d  h a c k g r o u n d ,  c a l c u l a t e d  p e a k  a r ea s  by  i n  t e q r a ' i o q  t h e  

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

w h i c h  e a c h  p e a k  c c c u r r e d .  Twc s u b  p r o q r a m s ,  SHAPEDC a n d  FI30, 



were r u n  a f z e r  each  XES s e s s i o c  i z  o r d e r  t c  ca l cu i a : e  t n e  s h a p e  

and fit p a r a m e y e r s  r e c e s s a r y  :o r u n  p r o p e ~ l y  t5e SAMPO pzcqram, 

A s u ~ p l e m e n t a r y  FZoqiam c a l c u l a r e d  ih z a t i o  of  e a c h  peak t o  :he 

C c m ~ t o r !  h e i q h t  f c r  e a c h  SpecTium. A proqram pe i foz rn i rq  s i s i l a r  

c a l c u l a t i o n s  t o  t h o s e  of  SAMPO was boil: i n t o  t h e  N0812 a c a l y z e r  

s o  t h a t  resuits of  peak a r e a  c a l c u l a t i o n s  were i m m e d i a t e l v  

a v a i l a k l e  on t e l e t y p e .  I n  t h e  ND812 backqround  i s  c a l c u l a i e d  t y  

l i n e a r l y  i o r e r p c l a z i n q  a l i n e  u n d e r  t h e  peak from two p o i n t s  

measured on e i t h e r  s i d e  o f  t h e  peak. Wizn t h i s  l e s s  

s o p k i s i i c a t e d  method f o r  c a l c u l a z i n q  backqrcund  i~ is L i k e l y  t h a :  

l a r q e r  v a r i a b i l i t i e s  e x i s t  i n  t h e  peak tires c a l c u l a ~ i o n s  nade k y  

t h e  ND812. 

R e i a t i c n s h i p  Between Peak I n t e n s i x y  a n d  C c r c e n t c a t i o r :  Each 

e l e m e n t  h a s  a  d i f f e r e n t  p r c b a b i l i r y  of b e i n q  e x c i t e d  b y  :he 

i c c i d e n t  beam. A number of a d d i t i o r a l  i n s : r u m e r t a l  c o l d i  t i o n s  

c a n  a f f e c t  t h e  c c u n r  r a t e  zeco rded  f o r  e a c h  peak. It is  

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

,I f rcm peak a r e a s .  C a l i b r a t i o n  $0 some s t a n d a r d ,  c o n t a i n i n q  

e l e m e n t s  i n  knowz q u a n t i t i e s ,  i s  a l m o s r  a l w a y s  s e c e s s a r y .  

De te rmin inq  a b s o l u t e  c o c c e n t r a t i o ~ s  f rom l i n e  i n t e s s i t i e s  i s  

f u r t h e r  c o m p l i c a t e d  ky a  number o f  phenomena w h i c h  c a g  r e n d e r  t h e  

i n t e n s i z y  a n o n - l i n e a r  f u a c ~ i o n  of c o n c e n t r a t i o r .  T h e s e  f a c ~ o i s  

which c a u s e  v a r i a t i o c s  i n  i n ' e n s i t y  a r e  d i s c u s s e d  iz Bez-in 

(1570)  acd  a r e  summarized a s  f o l l o w s :  spec imen  e r r c r s  z e s u l t i n q  

from p a r t i c l e  s i z e  e f f e c t s ,  m i c r o - i n h o m o g e n e i ~ i e s ,  and c n a n q e s  i n  



s a r n r l e  ? h i c k r , e s s ;  i ~ z e r f e z i n c i  peaks f r o m  c ~ h e z  a n a l y ~ e s  (i. e.  

K - b e t a  p e a k s )  ; k a c k q r o u n d  ~ e a k s  fzcn  c o ~ t a m i 2 a n z  s i3  sasp le  

h o l d e r s ,  k i n d e z s  e t c ,  a s  well a s  p e a k s  r e s u l t i n q  f r o n  f l u c r e s c i 3 q  

m a t e r i a l s  i n  t h e  a n a l y z i 3 q  c h a m b e r ;  b a c k q r o u c d  s c a r ~ e r i ? q   fro^ 

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

p l a c e m e n t  o f  s a m p l e s  i n  t h e  sample c h a m b e r ;  i n t e r e l e m e n t  e f f e c t s  

o r  s ~ e c i f i c  a b s a r ~ t i o n  e n h a n c e m e n t  e f f e c t s ;  m a t r i x  e f f e c t s  d u e  70 

c h a ~ q e  i n  a v e r a q e  Z h e t w e e n  samples; v a r i a b l e  c o u r ? i r q  :irnes 

r e s u l t i n q  f r o m  m a c h i n e  d e a d  time; a n d  c h a n q e s  i c  f l u x  o f  t h e  

i n c i d e n t  beam.  

S p e c i m e n  E r i O i S  a n d  S p e c i m e n  P r e p a r a t i o n  f o r  XES: T h e  t ~ s ~  

m e t h c d  f o r  ~ s c d u c i n q  hon ioqeneous ,  f i n e - q r a i n e d  (C45 pm) , well 

m i x e d ,  a n d  s m o o ~ h - s u z f a c e d  s p e c i m e n s  f o r  XES is t o  p r o d u c e  

p r e s ~ e d  p e l l e t s  i n  a m a n a e r  o u t l i n e d  i n  A p p e n d i x  B .  

G i v e n  a s e t o f  a n a l y z i n q  c o n d i t i o r , ~  a n d  a spec i f i c  mass  

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

l i n e  t h e r e  c a n  be v a r i a t i c n s  i n  i n t e n s i t y  with v a z i a t i o n s  i n  

s a m p l e  t h i c k n e s s .  T h i s  i s  i l l u s t r a t e d  b o t h  i n  e q u a t i o n  B . 3  

( A p p e n d i x  E )  a n d  i n  f i q u r e  2.3. 

A b s o r ~ t i o n  c f  a m o n o c h r o m a x i c ,  c o l l i m a t e d  X-ray  beam f o l l o w s  

ac ~ x p o n e n t i a l  f u r c t i o n .  A i t h o u q h  a  q r e a t  d e a l  o f  m a - e r i a l  would  

b e  r e q u i r e d  5 0  a k s o r b  c o m p l e t e l y  a l l  t h e  X - r a y s ,  m o s t  o f  t h e  

X - r a y s  a r e  a b s o t k e d  i n   he f i r s t  few millimeters o f  s a m p i e  (fiq. 







2 . 3 )  . An c p e r a r i o n a l  d e f  i n i t i o s  o f  i n f i i i i - e  ? h i c k r e s s  i s  u s u a l l y  

c h a t  a m o u z t  o f  m a - e z i a l  r e q u i r e d  c o  a b s o r b  m o s t  o f  - h e  X - z a y s ,  

s a y  97 t o  W5. f n f i n i i e  t h i c k n s s s  w i l l  b e  d i f f e r e n r  f o z  X - r a y s  

02  d i f f e r e n t  e c e r q i e s .  I f  a  s a m p i e  is q r e a z e r  t h a z  a D o u t  9 7 4  o f  

i n f i c i t e  t h i c k n e s s  f o r  a  ~ a r ' i c u i a r  a r - a l y t e  l i n e ,  t h e n  t h e  c h a n q e  

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

t h i c k z e s s .  A s  s a m p i e s  kecoms  t h i n ,  h o w e v e r ,  l a r q e  c h a ~ q e s  i n  

i n t e n s i t y  a r e  o b s e r v e d  %i:h e a c h  c k a n q e  i n  t h i c k n e s s .  T h e  

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

R a y l e i q b  p h c t c r s )  b e g i n s  t o  u n d e r q o  t h e  g r e a t e s ?  d e c r e a s e  ic 

i n t e n s i t y  w i r h  d e c r e a s e  ic ~ h i c k n e s s ,  : k e r e < o r e ,  t h e  s i q n a l  Y O  

n o i s e  r a t i o  i s  i m p r o v e d  i.2 s a m p l e s  o f  i n ~ e r m e d i a t e  t h i c k n e s s .  I n  

v e r y  t h i n  samples = h e  a b s o r p t i o n  c u z v e  i s  l i n e a r .  M a t r i x  a n d  

i n t e r e l e m e n t  e f f e c t s  a r e  m i ~ i m i z e d ,  a n d  s a m p i e  t h i c k n e s s  i s  t h e  

o ~ l y  v a r i a k l  e a f f e c t i n g  i n t e n s i ~ y .  

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

62 -210  m i c r c n  s i z e  r a n g e .  P e r h a p s  t k e  o p t i m u m  i n  s ~ e c i m e n  

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

p r e p a r e d .  However ,  a  g r e a t  d e a l  o i  e f f o r t  i s  i n v o l v e d  i n  

p r e p a r i n q  p e l l e t s .  M o r e o v e r ,  i f  thin p e l l e t s  w e r e  p r e p a r e d  a l l  

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

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

t h i c k o e s s .  I f  i c o s e  p o w d e r s  c o u i d  b e  a ~ a l y z e d  i n s t e a d  o f  p e l l e s  

a  q r e a t  d e a l  o f  e f f o r r  c c u l d  be a v o i d e d .  If t h e  p o w d e r s  c o u i d  h e  



?oused ictc a  s a m ~ l e  c u p  t o  q r e a t e z  t han  3 7 %  cf i n f i n i t s  

t h i c k n e s s  c a r e f u l  weiqhixq o f  samples v o u i d  b e  unnecessazy.  i n  

chap t ez  4 Ke e m ~ i r i c a i l y  s t u d y  -,he e f f e c r s  t ' na t  suck 

s i ~ ~ l i f i c a  t i o n s  i n  specimer  p repaza t ion  have oc t h e  uzce r t a in -y  

o f  cu r  r e s u l t s .  Because t h e  Cp/R r a t i o  i n c r e a s e s  a s  samples 

beccme t h i n ,  moni tor inq t h e  C p / R  r a t i o  w i l l  s i q n a l  ~ i o b l e m s  

r e l a t e d  t o  sample t h i c k n e s s .  

I n t e r f e r i n q  peaks a r d  s u b t r a c t i o n  of K-beta peaks: I n  czder  

t o  ~ t u d y  t k e  chanqes i n  t h e  c o n c e n t r a t i o r . ~  of Y ,  Zz, o r  Yk o r  T O  

c a l c u l a t e  a b s o l u t e  c c n c e n ~ r a t i o c s  from peak a r e a s ,  i t  i s  

e s s e n t i a l  t h a t  r he  K-beta peaks of  Rb, S r ,  and Y be s u b t r a c t e d  

z'rom t h e  K-alpha peaks cf P, Zr, and Nb. Occe  he K-~eta /K-alpha 

r a t i o s  a=e determined f c r  3 b ,  5 r ,  and  Y i n  a  ma l r ix  s i m i l a r  ~c 

q l a s s ,  we can e s t i m a t e  t h e  K-be-a a z e a s  from tke K-alpha a r e a s  

and then  s u t t r a c t  t h e  r e s p e c ~ i v e  K-beta peaks from Zr :o  Nk. IT 

i s  neces sa ry  t o  de te rmine  t h e  K-beta peak a r e a s  i n  samples f o r  

which t h e  e l emen t s  Y ,  Z r ,  and Nh a r e  absen t .  Ye f c u r d  ?ha: 

l a k c r a t o r y  c e n t r i f u q e  q l a s s  and watch q l a s s  weze s u i t a b  i v  void o f  

t h e s e  e lements ,  Three pu lve r i zed  q l a s s  samples were heav i ly  

l a c e d  with n i t r a t e s  of Rb, S r ,  acd Z r .  T h e s e  were then a r a i y z e d  

for 15 minutes each and z h e  K-beta/K-alpha r a t i o s  here 

c a l c u l a t e d .  A s  t h e  K-beta peaks a r e  r e l a t i v e l y  s m a l i  t h e y  weze 

only subAzac t ed  when a b s o l u t e  concentra ' ioas  were d e ~ e r m i s e d .  



a a c k q r c  und P e a k s ,  E a c k q r o u c d  S c a r ?  e z i n q  a c d  Gecme'z y 

E f f e c t s :  We a n a l y z e d  t h e  s a n p l e  h o l d e r s  a c d  b i z d e r s  t o  v e r i f y  

t h a t  n o  c o n t a m i n a n z  p e a k s  were presec t .  We a l s o  a n a l y z e d  a  ~ i e c e  

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

f r o m  t h e  a a t e r i a i s  i n  t h e  a n a l y z i n q  cha inbe r .  No b a c k q r o u o d  ~ e a k s  

were o b s e r v e d .  N e v e r t h e l e s s ,  e r r a t i c  v a r i a t i o n s  i n  o u r  i r o n  

c o n c e n t r a t i o n s  (Ch. 5 )  l e d  u s  t o  b e l i e v e  = h a t  b a c k - s c a t t e r i n q  

X - r a y s  were f l u o r e s c i n g  a n  i r o n  o x i d e  c o a t i n q  t h a t  is p z e s e r z  i n  

t h e  a n a l y z i n q  c h a m b e r .  

D u r i n g  l o o s e  p o w d e r  a n a l y s i s  s t a 3 d a r d i z e d  i u c i t e  r i n s s  w e r e  

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

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

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

a v o i d e d .  T h e  c o n t r i b u t i o n  t h a t  t h e  e f f e c t s  o f  qeome:ry a a d  

s c a t t e r i n q  m i q h t  h a v e  or! t h e  u n c e r t a i n t y  i c  o u i  r e s u i r s  ( k n i c h  

were n o t  c c r r e c t e d  b y  t h e  a b o v e  m e a s u r e s )  were s t u d i e d  

empir ica l ly  (Ch. 4 )  . 

O t h e r  Ef fec t s  - Use c f  Compton  a s  Variabie I n t e r n a l  

S t a n d a r d :  I n  o u r  work  i a i e r e l e m e n t  e f f e c t s  c a n  b e  i a n o z e d  

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

q u a n t i t i e s  less t h a n  5 1  ( c f .  J e n k i n s  1 9 6 7 )  . Most  o f  t h e  ~ l i a t r i x  

e f f e c t s  a r e  n e g l i g i b l e  k e c a u s e  we a z e  a 2 a l y z i c q  h i q h  Z : r a c e  

e l e m e n t s  i n  a ~ r a d o m i n a n t l y  l ow Z m a x i x  a n d  m o n i t o r i c q  t h e  C p / 3  

r a t i o  h a s  r e v e a l e d  t h a t  t h e  a v e z a q e  Z1s  o f  o u r  m a t r i c e s  d c  ~ o t  

c h a c q e  s i q n i f  i c a n t l y  b e t w e e r i  s a m p l e s  ( c f .  J e n k i n s  1 S67: 1 3  1) . 



Many c f  t h e  a b o v e  e f f e c t s ,  A o w e v e i ,  a r e  i n i o i m i z e d  i f  o r e  

n o r m a i i z e s  t h e  a n a l y ~ e  ~ e a k  a r e a s  t c  a r o t h e z   pea^ i i i ~ h i n  e a c h  

s p e c t r u m .  We f o u n d  t h a t  :be Compzor p e a k  h e i q h :  was t h e  r o s t  

s u i t a b i e  v a z i a b l e  i ~ i z e z c a l  s ~ a 2 d a r d :  1 )  It i s  o f  a 3  e n e r q y  c n l y  

s l i q h t l y  h i q h e r  t h a n  t h e  t r ace  e l e m e n t s  o f  i n t e r e s t .  2 )  U n l i k e  

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

Compton  v a r i e s  u i t h  c h a c q e  i n  a v e r a g e  Z a n d ,  r h e r e f c r e ,  ic o u z  

case,  i t  c h a n q e s  o n l y  s i i q h t l y  f r o m  s a x p l e  50 s a m p l e .  3 )  B e c a u s e  

t h e  Compton i s  a f f e c - e d  k y  q e o m e t r y ,  s c a : t e r i n q ,  n p e c i i n e a  e r z c z s ,  

a n d  m a t r i x  e f f e c t s ,  scme c h a z g e s  i n  ' h e s e  c o c d i t i o c s  a r e  

c o r r e c t e d  b y  n o z m a l i z i n q  L O  t h e  Compton.  4 )  C o r i d i ~ i o n s  :ha: a r e  

l i k e l y  50 ~ r o d c c e  i a r q e  c h a n q e s  i n  t h e  C o r n ~ t o n  h e i q i t  (i.e. i a r q e  

c h a ~ q e s  i n  s a m ~ l e  c h i c k ~ e s s ,  o r  a v e r a q e  Z )  c a n  be  m c n i t o r ~ d  k y  

e x a n i n i n q  t h e  C p / R  r a c i o s  (e.q. G i a u q u e  e t  a l .  1377; P e a z h e r  a c d  

Willis 1 9 7 6 ) .  

We z r i e d  n o r m a l i z i n q  t o  t h e  Z r  p e a k  but f o u n d  i t  

u n s a t i s f a c t c r y .  Io C h a ~ i e r  4 we d i s c u s s  :he a d v a n - a s e s  a n d  

d i s a d v a n ' a q e s  o f  c o r m a l i z i n q  t o  e i t h e r  o f  these v a z i a a l e  i n t e r n a l  

s t a n d a r d s .  

A b s o l u t e  v e r s u s  r e l a t i v e  c o n c e n i r a t i o n s :  I2 o u r  w o r k  we a r e  

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

c h e m i c a l  c c m ~ o s i i i o n  b e t  ween d i f f e r e n ?  t e p h r a  sources. S e l a  t i v e  

c o n c e n t r a t i o r i s  ( P e a k  ( P k ) / C p  r a t i o s )  a r e  a s  u s e f u i  f o r  t h i s  



p u r p c s e  a s  a r e  a b s o l u t e  c o n c e n t r a t i o n s .  We were a k l e  'o 

e l i m i n a t e  a  q r e a t  d e a l  o f  e f f o r c  and r e d u c e  e r r o r s  b y  L O T  

c a l i b x a t i ~ q  tc s t a n d a r d s  a n d  b y  u s i c q  r e l a t i v e  c o ~ c e r t r a t i o r ~ s  

(Pk/Cp s a t i o s )  f c r  c o x e i a t i o n  p u z p o s e s .  C o m m u r A c a ~ i n q  results 

t o  c t h e r  w o z k e z s ,  h o w e v e r ,  i s  e a s i e s ?  w i t h  a b s o l u = e  

c o n c e n  t r a 5 i o n s .  I n  A p p ~ n d i x  C we h a v e ,  t h e r e f o r e ,  c h a r a c t e r i z e d  

e a c h  o f  o u r  t e ~ h r a  s o u r c e s  u s i n q  a b s o l u t e  v a l u e s .  O u r  p a r r i c u l a r  

c a l i k r a t i o n  t e c h n i q u e  i s  d e t a i l e d  i n  t h e  A p p e n d i x  k h i l e  

a l t e r n a t i v e  m e t h c d s  are d i s c u s s e d  i n  B e r l i n  ( 1  970) . 

B )  P r i n c i p l e s  cf Alpha  C o u n t i z q  

Trace q u a ~ r i t i e s  o f  U a n d  Th a r e  e a s i l y  d e r e r a i n e d  bv 
: 

c o u x  t i n q  t h e  a l p h a  e m i s s i o n s  a s s o c i a t e d  w i t h  t h e i r  r a d i o a c ~ i  ve 

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

o u t l i n e d  i n  C h e r r y  ( 1 3 6 3 )  a n d  A i t k e n  ( 1 9 7 4 ) ,  w h i l e  t h e  a l p h a  

c o u n t e r  a n d  m e t h o d s  u s e d  a r e  d i s c u s s e d  by  H u n t l e y  a n d  W i n t i e  

( 1 4 8 1 ) .  F o r  a l p h a  c o u n t i n q  t h e  s a m p l e  i s  p l a c e d  O E  a  Z;iS 

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

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

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

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

We s p r e a d  powdez  t o  a  t h i c k n e s s  g r e a t e r  t h a n  .G5 m m  c n  a  

c o m m e r c i a l  1 3 . 8 5  cm d i a .  Z r S  d i s k  h e l d  i~ a p l a s t i c  c o n t a i n e r .  

As i r f i n i ~ e  t h i c k n e s s  i s  a b o u r  . 0 5  m r n  f o r  a l p h a  p a r t i c l e s ,  



i de iqh inq  o f  s a m ~ l e s  was u n e c e s s a r y .  T5e s a m p l e  ?!cider is p l a c e d  

on a  5 cm. d i a m e t e z  p h o t o m u l : i p l i e r  :ubs f i t t e d  w i z h  t h e  

a p p r o p r i a t e  c c u c t i n q  d e v i c e s .  

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

t h o r i u m  c o n c e n t r a t i o n s  a n d ,  a s  w i t h  XES, we s i m p l i f y  :he method 

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

c o u n t  r a t e s  b e t i i f e n  d i f f e r e n '  t e p h r a  q r o u p s .  The m e t h o d s  

o u t l i n e d  i n  H u n t l e y  a n d  Wistle ( 1 3 8 1 )  were u s e d  b y  D r .  H u c t l e y  t o  

c a l c u l a t e  a b s o l u t e  c o n c e n t r a t i o n s  o f  U a n d  I h .  From t h e s e  d a t a  

we c h a r a c t e r i z e d  e a c h  t e p h r a  q r o u p  c n  t h e  b a s i s  o f  i 5 s  a b s o l u t e  

(FFB) U a n d  Th c o n c e n t r a t i o n s  ( T a b l e  C . 5 ,  Append ix  C ) .  

C)  P r i n c i p l e s  o f  N e u t r o n  A c t i v a t i o n  A n a l y s i s  
- 

F o r  n e u t r o n  a c k i v a t i o n  a n a i y s i s  ( c f .  Tire 1372)  rhe samples - 

a r e  bombarded  w i t h  s l o w  n e u t r o n s ,  u s u a l l y  i c  a  n u c l e a z  r e a c t o r .  
-. 

The c e u l r o c s  i n t e r a c t  w i t h  t h e  n u c l e i  o f  t h e  a t o m s  ic t h e  s a m r i e  

1 t o  p r o d u c e  u n s t a k l e  i s o t o p e s .  T h e s e  t h e n  d e c a y  -co s t a b l e  

d a u q h t e r  p r c d u c t s  a n d  qamma-rays of d i s c r e t e  e n e r q i ~ s  a r e  e m i t t e d  

i n  t h e  p z o c e s s .  The gamma-rays c h a r a c t e r i z e  t h e  i s c i o p e s  a n d ,  

u l t i m a t e l y ,  t h e  e l e m e n t s  e x c i t e d  by 'he s l c w  n e u t r c n s .  T h e  qamma 

r a y s  a r e  q e o e r a l l y  d e t e c t e d  izi a  s e m i - c o n d u c t i n q  ~ e ( L i )  s c l i d  

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

i n  a  s y s t e m  s i m i l a r  t o  t h a t  z e q u i s e d  f o r  XES a n a l y s i s .  A n a i y s i s  

times f o r  e a c h  e l e m e n t  w i l l  v a r y  a c c o r d i n q  t o  :he h a l f - l i v e s  o f  

tLe i s o t o p e s .  Some a r e  n e s t  a n a l y z e d  a f t e r  s e v e r a l  weeks  when 



i n t e r f e r i r i q  peaks 2rcm rho=:-lived i s o t o p e s  a t e  e l iminazed .  D U E  

zo t h e  l o ~ q e r  r a z q e s  of :he qamma-zays a l l  samples a r e  i z f ~ ~ i t e l y  

- ,,lri, -- . matr ix  ef  2ect.s a r e  e l i m i n a t e d ,  and t h e  c a i c u l a - i o n  cf 

a b s o l u t e  c c z c e n t r a t i o n s  i s  e a s i e r  t hax  w i t h  XES a n a l y s i s .  

C a l c u l a t i o n  of akso luze  concentra:lon i s  u s u a l l y  accompliske d k y 

c a l i k r a t i n q  t o  samples of a  s tandazd  ma:eriai which a r e  a c t i v a t e d  

a lonq  with each sample and w h i c h  c o n t a i n  e lemerzs  p r e s e n t  i z  

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

O u r  sampies  were analyzed by Novatrack ILC. a t  T 3 I U ? l T t  

Vanccuver E. C. Nova t rack ' s  neuiior .  beam i s  produced b y  

unccnvea t iona i  met3ods u s i n q  a  proton beam from a  cyc lozron  

a c c e i e r a t o r .  



THE EEFECTS OP C O N T A M I N A T I C N ,  N E A T H E 3 I N G ,  LSACHING, A N D  

SAMELE PSEPAftATICN C N  C C Y P O S l T i O N  CF SPECINENS 

. - I n  s e c t i c n  2.1 we d i s c u s s e d  t h e  f a c t c ' r s  w h i c h  caa a f r ' e c e  x ,  

t h e  a v e r a q e  c o n c e c t r a L , i c r  o f  e l e m e n t s  f o r  a  n u m k e r  o f  b u i k  q l a s s  

samglen a r a l y z e d  f r o m  e a c h  t e p n r a  s c u z c e .  I n  t h i s  chap:ez we 

- 
samgle p r e p a r a t i c n  c a n  h a v e  03 cur  m e a s u r e  o f  x ,  We a l s o  presEnc 

:he r e s u i t s  c f  e m p i r i c a l  t e s t s  c a r r i e d  ou: i o  d e r e r m i ~ e  :he 

e f f e c t s  : ha t  sample p r e p a r a t i o n  h a v e  oc c o m p o s i t i o n .  

3.1 T h e  S a m p l e s  

T c  shcw t h a t  o u r  m e t h o d  of  f i n q e r p r i n t i n g  t e p h r a s  ~ i l i  a i l o w  

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

e n v i x o n m e n i ,  we s t u d i e d  s a m p l e s  c o l l e c t e d  f r o m  a  v a z i e t v  c f  
- 

l c c a t i o n s  a ~ d  d ~ p o s i  t i o n a l  e n v i r  cnmen t  s i n c l u d i r i q  l a a d ,  l a k e  o r  

boq d e p o s i t s .  F o r  m o s t  t e p h r a s ,  samples w e r e  collected bct?& ? e a r  

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

samrles f rcm s p c t s  w h e r e  the t e p h r a s  h a d  a l r e a d y  b e e n  i d e n t i f i e d .  

T h e  samples a re  c a z a l o g u e d  a n d  mapped i n  A p p e n d i x  A a s d  

s u b - s a m p l e s  o f  l i m i t e d  s i z e  may be o b t a i n e d  f r o m  rke a u c h c r .  

A i l  r e f e r e n c e  s a m p l e s  were i a b e l l e d  a c c o r d i ~ q  t o  the 
- - 

i d e n t i f i c a t i o n s  t h a t  were q i v e r i  b y  c h e s e  q e o l o q i s t s .  ae quessed 



z:?e s o u r c e s  of  ?he unkxcwr, s a m p l e s  on r t e  basis of  :heir 

q e o a r a p k i c a l  l o c a t i o n ,  q r a i c  s i z e ,  e t c .  and these  s a m p i e s  veze  

?>e h e n e f i t s  o f  s u c h  a ~ z i o r i  a z a l y s i s  w i l l  b e  d i s c u s s e d  i n  Ch. 

6, The s a ~ ~ l e s  csed  ir. tFis s t u d y  a r e  c a ~ a l o q u e d  axd n a p p e d  ic 

A p p c ~ d i x  A. 

3.  2 Sample P r e p a r a t i o r :  

8 )  The C o ~ t a m i ~ a z i c n  Prob iem 

There a r e  a s  i n f i n i t e  v a r i e t y  c f  s o i l  f ypes .  E e c a u s ~  a n y  

one of t h e s e  c o u l d  c c o t a m i n a ~ e  ail a s h  l a y e r  the c o z z a m i a a t i o n  

~ r o b l e m  is complex. W h i l e  i t  i s  o b v i o u s  t h a t  we c a n r o t  d e a l  w i t h  

a l l  p o s s i b l e  s o u r c e s  o f  c o n t a m i n a t i o n ,  a n  u n d e r s z a n d i ~ q  o f  :he  

a v e r a q e  soi ;  c o m ~ o s i t i o n  a i l o w s  u s  t o  t r e a t  t h e  s ample  z o  

e l i n i n a t e  u k i q u i t o u s  conrami3ar - , s .  Any r e m a i c i n q  c o n t a n i ~ l a t i o n  

n o t  removed by :he treatments w i l l  c o n t r i ~ u r e  t o  t h e  u c c e r t a i n ~ y  

o f  o u r  c h a r a c z e i i z a t i o n s  of t e ~ h r a  s o u r c e s .  

B) S o u r c e s  o f  Contamina'ion 

AL a v e r a q e  s o i l  c o o t a i c s ,  i n  a d d i = i o n  to a i r  and wa-er, 

a b o u t  45% n i z e r a l s a n d  a h c u t  5 %  o r q a n i c s  (Ezady 1 9 7 4 ) .  T D E  

, m i n e r a l  f r a c t i o n  c o n s i s t s  of pr imazy n i . ? e r a l s  a s  well a s  the 

s e c o c d a r y  m i n e r a l s  o r  w e a t n e z i n q  b y - p r o d c c t s  such  as: aao rp : ?ous  

a n d  r e c r y s t a l l i z e d  s i l i c a  ( c l a y  mi.n_erals)  , a r d  c o m ~ c u n d s  t h a t  



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

( m a i r l y  Fe,03 , A1,03 ) , sai:s ar,d c a z b o z a ~ e s ,  (i. e .  CaC03 , dqCC3 , 

K,CC,, K , S C y )  . The o r q a n i c  p o r t i o n  may c o r t a i n  p a r : i a l l y  d e c a y ~ d  

p i a n r  and a r i m a l  r e m a i c s  a 5  well a s  :he hcmus c o l l c i c i s  ( f i u v i c  

a n d  humic  a c i d  a ~ d  k u m i n ) .  The m i z e i a l  f i a c t i o r .  t e n d s  t o  

c o n c e n  t z a t e  t h e  a l k a l i  e l e m e n t $  h h i l e  h i q h  c o r c e n t i a t i o n s  o f  

a l k a l i 3 e  e a r z f i s  a r e  f o u n d  i n  t h e  o r q a n i c  ~ c r z i o c .  Eo::? c l a y  and  

o r q a n i c  c o l l o i d s  c o n t a i r !  e x c e s s  a n i c r s  a ~ d  a d s o z b  f r e e  c a t i o n s .  

( c f .  S r a d y  1 9 7 4 ) .  I n  a d d i t i o n  t o  c h e s e  e x t e r n a l  s o u r c e s  c f  

c o n t a m i n a t i o n ,  a s  u e  a r e  i n t e z e s t e d  i n  a n a l y z i r q  s e ~ a r a r e d  q l a s s ,  

we c c n s i d e r  ' t a t  p h e n o c r y s i s  p rese3t  i n  t h e  maqmas axe  a n  

i c t e i i i a l  s o u r c e  cf c o n t a m i n a 5 o n .  

C )  S c t i c i ~ a t e d  C h a n q e s  i n  A v e r a q e  C c m p o s i t i o c  w i t h  Femoval  

o f  C o ~ i a m i ~ a n r s  

T h e  p h e n o c i y s t  s u i t e s  o f  t h e  z e p h r a s  a r e  l i s t e d  i c  A ~ p e c d i x  

E. I n  t a b i e  D.  1 we c o m p a r e  t h e  m a j o r  e l e m e n t  c o m p o s i t i o n  of  

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

l i t e r a t u r e  a s  o u r  source. T h e  c h e m i c a l  c o m p o s i t i o r !  o f  ~ o s t  

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

t e x t s  (e.q.   brad^ 1 3 7 4 ;  D e e r  e t  a l .  1 9 7 2 ;  ~ i I x o n  a n d  g e e d  e d s .  

1 3 7 7 ) .  U s i n q  i n f o r m a + i c z  from Append ix  9, B p p e ~ d i x  E, a n d  t h e  

a k c v e  r e f e r e n c e s  we c a n  make t h e  f o l l o u i r q  q e c e r a l  c o m m e z t s  a k c u t  

t h e  c h e m i c a l  c h a r g e s  o n e  miqh' e x p e c ?  w i t h  r e m o v a l  c f  -; L,,e v a r i c u s  

t y p e s  cr^ c c r ? t a m i r a n t s .  1 )  P r i m a r y  m i n e r a l s :  r e m o v a l  o f  t h e  



primary minezal  f zac - ion  should  ca l l s e  a  r e l a - i v ~  i n c r e a s e  i n  

a l k a l i  ineta;=, a  decrease  iii a l k a l i n e  ea r75  m e t a l s ,  and a  

dec rease  i n  mosz ~ r a 3 ~ i i i 0 ~  el em en-,^ ( p a r t i c u l a r l y  Fe) . 2 )  

s c l u k l e s :  wi t3  i e s o v a l  of  metal  o x i d e s  we would exrec: a  

n& r e d u c t i o n  i n  t h e  t z a c s i t i o r ,  elemen:=. -,.e removal of c a r k o r a t e s  

and saits shou ld  cause  a  zeducr ion i n  -he a i k a l i n e  e a r t h s  wirh 

some r e d u c t i o n  i n  a l k a l i  metais .  3) Orqanics :  ?he re  should  b e  a  

r e d u c t l o r  ic t h e  a l k a i i n e  e a r t h s  w i t h  some reduc- ion i n  a l k a l i  

meta l s .  4 )  Clay minera l s :  with removal cf c i a y s  we miqht expec t  

a  r ~ d u c t i o a  i n  a l k a l i  meta ls ,  a  r e d u c t i o c  i n  t h e  t r a z s i t i c n  

e lements  ( p a r t i c u l a r l y  F e  and T i )  a ~ l d  some reduc t ic r i  ic a l k a l i n e  

e a r t h s .  R a r e - e a r ~ h  t r a c e  element chemistzy a l s o  r e v e a l s  :ha: 

t r a n s i t i o r .  e lements  tecd t o  c o o c e n t r a t e  i n  t h e  c l a y  f r a c t i o n  ( c f .  

Borchardt  e'-, a l .  197 1b) . 

D )  ~ e n e r a l  Methods f o r  Removinq C o n t a m i ~ a c s s  

A nurnkez o f  t e x t s  d e a l  ~ i t n  merhods f o r  rernovina s o l u r ; L ~  

c o o t a m i n a ~ t s  a s  well  a s  p r i aa ry  and secondary m i c e r a l s  ( c f .  

Allman and Lawrence 1 3 7 2 ;  Black e? a l .  eds .  1965;  Steec-McInilyze 

1 9 7 7 ) .  We c h o s e  r a t  h e r  s t andard  proceduzes of s a m ~ l e  

p repa ra t i on :  t h e  de ' a i l s  a r e  o u t l i n e d  i n  A ~ p e o d i x  E (Methcds 1 yo 

6 )  



f o r  

c i y s i a i  f r a c t i o r  from t h e  t e p h r a s ,  1 )  Y i n e r a l s  a r e  nore  dense 

t han  q l a s s  a r d  can t h e r e f o r e  be remcved thzouqt  s e p a r a r i o c s  w i t h  

neavy l i q u i d s  ( Y ~ z h o d  4 ) .  2 )  Mos? n i 3 e z a l s  a r e  maze aaqnekic  

t han  q l a s s ,  e x c f ~ ?  f c z  t h e  z e c s o s i l i c a t e s  w h i c k  a r c  i e s s  

maqcetic. A Franz m a g ~ e t i c  separa'cr s e p a r a t e s  m i n e r a l s  on t h e  

b a s i s  o f  t h e i z  maqnetic p z o p e r t i e s  (Method 5) . B i q h l y  s a q z e t i c  

rcinerals such a s  maqze t i t e  acd t i taro-maqnet i 'e  can be zeaoved 

w i t h  a  hand inaqnet (Metnod 1 ) .  3)  Minera l s  cend t o  b e  

c o r c e a t r a t e d  i~ l a i q ~ i  s i z e  f r a c t i o c s  (I.€. q r e a t e r  t h a r  6 2  

microns)  ( c .  Biady 1 3 7 4 )  . S i e v i n q  t o  conceE7zaie  rke  q l a s s  i n  

t h e  f i n e  qraineci fzac:icns ( i . ~ .  l e s s  t h a ~  6 2  micrcss )  nay be a2 

e i f e c t i v e  methcd f o z  s e ~ a r a t i n q  t h e  q l a s s .  We do no t  know of 

exaf f i~ les  i n  t eph rcch ronc l cqy  where s i e v i n q  :as been r o n t i n e l y  

used f o r  c o r c e n t r a t i ~ q  t h e  q l a s s ;  a 1  e m p i r i c a l  s t u l y  c o m p a r i ~ q  

r e s u l t s  prcduced b y  keavy l i q u i d  s e ~ a r a ' i c n s  t c  t h o s e  pzoduced b y  

s i e v i a g  will ouz s t u d y .  

So lub l e  Seccndary Minerals:  Stzong H C 1  i s  a  qcod 
- 

a l l - g u r p o s e  c l e a r e r  capab le  of removinq meral cx ides ,  c a r k o n a t e s  

and s a l t s .  

Orqanics:  Seve ra l  r e a q e n t s  e x i s t  fcr reinovizq o r q a n i c s ,  

A l t  kcuqh NaOH i s  t h e  most e f  f i c i e n c  me7hcd f o r  zemovinq o r q a 3 i c s  

(Mortensen l365), i t  forms a 2  i l s o l u S l e  compocnd (FEOB) x i t k  :he 

i r o n  o x i d e s  we a r e  s eek ing  t o  remove. I t  would, t h e z e f o z e ,  h e  



c e c e s s a r y  tc f o l l o u  -he Xa09 :=eatiner:s w i z h  a c i d  t = e a = m e r t s  Y O  

d i z s c l v ~  t , k e  i r c r ,  ~ i e c i ~ i t a t e s .  Aiso, 5trcr.q a l k a l i  s o l i l ~ i o n s  

car! d i s s o l v e  s i l i c a  q i a s s  (Ambzose 1 3 7 6 ) .  Fo= remcval or' a  l ~ s s  

t h a n  5 4  souzce o f  con t ami?a t ion  we t h e r e f o r e  decided zo use a 

l e s s  poren: r eaqcz t .  I ' h i r ~ y  pezcenz H1g2. i s  of r e ~ ~ z a l  pE and i s  

an e f f e c t i v e  method f o r  r e sov iag  most o r q a n i c s  excep t  c e l l u l o s e .  

A s  f i zOl  i s  u n s t a b l e  is  a l k a l i  environmenrs i t  i s  b e s t  used a f - ez  

t h e  a c i d  ~ r e a t m e c t s .  S teer.-McIotyre ( 1  377 )  sugges ted  t h a t  H,O, 

m i q h t  a t t a c k  i e ~ h r a  q l a s s  k v  l e a c h i n q  O U T  Fe. She propased t h a t  

5'3 N a O C l  (adius'ed t c  9 . 5  pH w i ~ h  HCl) should  be used i z s - e a 3  c f  

H,C, r'or reirovizq ozqan ic  s:aizs. I r i t i a l l y  we fc i lowed  ker 

s u q q ~ s ~ i o n  b u t ,  d u r i c q  t h e  s t u d i e s  d e s c r i b e d  b e l o w  ke found :hat 

5 %  NaOCi was not a  very e f f i c i e c z  nethod f o r  removlnq o z q a n i c s ,  

and it did  c o t  appear  t c  do any i e s s  damage t o  t h e  q l a s s  than d i d  

t h e  t r e a r m e n t s  u i r h  peroxide .  

Clay Minerals :  Clays  a r e  p a r t i a l l y  d i s s o i v e d  t y  percxide  , 
- 

s t = c c q  a l k a l i  s o l u t i o n s ,  and s t r o n q  a c i d  s c l u t i o n s ,  b u t  

d i s s c l u 2 i o n  is slow (Dixon and Weed ( E d s . )  1 3 7 7 ;  Grim 1 3 6 9 ) .  

Most c l a y  mine ra l s  a r e  l e s s  khan 2 m ic ro r s  a rd  can ke remcved 

t h r c u q h  c e n i r i f  uqa t i cn  (Method 2) . We found t h a t  c e n t r i f  uqa t io?  

was a s i m p l e  met5od f o r  washiag o u t  reaqer i ts  f o i l owiaq  oti iez 

chemical  t r e a t m e ~ t s ,  and could be e a s i l y  adapteri f o r  i e n o v a l  of 

c o i l c i d s .  When we e x t r a c t  t h e  l a r q e z  pa i ' i c i ea  ( i . e .  6 2  -ro 2 1 0  

m i c ~ c ~ s )  , most c l a y s  have au tomar i ca l l y  been zemoved d u r i ~ q  

s i e v i n q .  Never rhe less ,  use of tne u i t r a s o g i c  ba th  fo l l owins  



c k e m i c a l  t r ~ a t n e ? t s  q u a r a r z e e s  r e m o v a i  o f  f i x 2  q r a i n e d  a a t e r i a l  

ficm t & e  l a z q e r  s i z e  f r a c - . i o z s  (IYerkod 2 ) .  

3 )  E f f e c t s  o f  L e a c h i n q  a r d  W e a t h e z i c q  o n  O b s i d i a r ,  G l a s s  

F o l l o w i n q  a r e  s e v e r a l  f a c t o r s  w h i c h  c a n  a f f e c t  t h e  

c o m ~ c s i ' i o r ? .  o f  o h s i d i a n  t e p h r a  q i a s s :  1 )  l e a c h i n q  cf  e lemefts  i n  

t h e  l a b  d u r i c q  c h e m i c a l  t r e a t m e n t s ,  2 )  l e a c h i r q  o f  t h e  e l e m e 2 ~ s  

d u r i n g  c k e n i c a l  w e a t b e r i n q ,  a n d  3 )  h y d r a t i c r , .  T k e z e  h a v e  b e e n  

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

p z o d u c e d  b y  e a c h  o f  t h e s e  phenomena .  i?e t h e r e f  o z e  s u p p i e m e n ~ e d  

t h e  s t u d i e s  i n  t h e  l i t e r a t u r e  w i t h  a  f e w  z e s t s  of o u r  own.  

O b s i d i a n  L e a c h  S t u d i e s :  I2 o u r  wozk we s p e c i f i c a l l y  x i s h e d  

t o  d e t e r m i c e  wha t  e f f e c t  x k e  2 0 %  HC1, 305 p e r o x i d e  a r d  5 %  N z C C l  

r e a q e n z s  w o u l d  h a v e  on c o n c e n t r a t i o n s  of  e l emen ' s  i n  o b s i d i a n  

q i a s s .  T h e s e  l a k o r a t o r y  l e a c h i n q  s t u d i e s  miqh+  a i s c  mimic 

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

t h a t  w h i c h  C C C U i S  i n  e x t r e m e l y  a c i d  o r  a l k a l i r e  e n v i z o n m e n t s .  

Arah im P e a k  o b s i d i a n  was q r o u n d  t o  a f i n e  p o w d e r  ( l e s s  t h a n  

6 2  pm) a n d  s u b d i v i d e d  i n t o  4 s u b - s a m p l e s .  one s u b - s a m p l e  o f  t A i s  

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

t h e  20% HC1 a n d  30% p e r o x i d e  ' r e a t m e n t s  i n  a ii iancez i d e ~ r i c a i  t c  

t h a t  u s e d  f c i  t r e a t i n g  t e p h r a  s a m p l e s  (Ze".'.od 2 ) .  Two m o r e  

s u b - s a m p l e s  o f  t h i s  s t a n d a z d  w e r e  l e a c h e d  f o r  1 0  d a y s  e a c h ,  o n e  



i a  3 C Z  ZZOz s o l u t i o ~ ,  t h e  o t t e i  ir- 5 1  NaOCl s o l u c i c n .  Small 

amcuris  of N a O H  ard  B C i  weze added t o  t 3 e  YaOCi s c l u t i o c  t o  

ad jus?  it t c  F H  9.5. The pezoxi.de was of n e u t z a l  F H  (about  6 t o  

7 )  and t h e  HCl s c l u t i o r .  was ex~ze rne ly  a c i d  (ahou: C t o  . 5  p H ) .  

The FH cf  ko th  t he  NaOCl and peroxide  so lu - ions  was aqa in  t e s t e d  

a f t e r  t h e  10 day i e a c h i n q  peziod. The C r e a ~ e d  o o s i d i a -  samples 

were washed, d r i ed  aad a ~ a l y z e d  f o r  5 miiiutes each ,  u s i r q  bo-h 

s i l v e r  and z i n c  secondary t a r g e t s .  The p e r c e r ~ t a q e  d i f f e r e r c ~ s  ir. 

c o m ~ c s i t i o r  between t r e a ~ e d  and u n t r e a t e d  samples here c a l c u l a ~ e d  

and t h e  r e s u L r s  appear i c  t a b l e  3. 1.  C h a ~ q e s  i n  va lues  wnicj. 

were no t  q r e a t e r  than t h e  two siqma ranqe  i n  a n a l y t i c a l  

u n c ~ x a i n t y  C 4 )  f o r  each ( P k / C p )  r a t i c  were zio? c o n s i d e r ~ d  

s i q n i f i c a n t .  

Resul's show t h a t  caicium, i z o n ,  arid p o s s i b l y  r u b i d i u ~  a r e  

l e ached  fzcm obs id i an  q i a s s  b y   he a c i d  treat men:^. Izon  

c o n c e n t r a i i c n s  decreased mosr  zap id ly .  It i s  p o s s i b l e  t h a t  t h e  

s m a l l e r  i o n i c  s i z e  o f  F e  c o n ? r i o u ~ e d  t o  a  d i f f u s i o n  r a t e  k h i c h  

was f a s t e r  than t h a r  of Ca. R e s u i t s  on ~ e r o x i d e  :rea:ed ~ e p b r a s  

showai t h a t  ncne of t h e s e  elemerits undergoes s i g n i f i c a n t  chanqes 

w i t h  pe rox ide  t r e a t m e n t s .  Most of ~ h e s e  e f f e c ~ s  a r e ,  r h e r e f o r e ,  

caused k y  a c i d  l each ing .  Po t a s s iun  c o ~ c e z t r a ~ i o n  d i d  n o t  

s i q r i i f i c a c t i y  chanqe a s  a  resul :  o f  a c i d  l eacn i cq .  





Both HzO, a cd  XaOC1 Leached T i ;  YZ3, caused a sl ick: 

- - r e d u c t i o n  i r  a n ;  w h i l e  t 3 e  NaOCL :zea:mez?s may p t e f e n t i a i ~ y  

Leack K and Rb ( t h e s e  e f f e c t s  cr' NaOCl a r e  mai,?.ly s e e r  i r .  i ayez  

exFer iments  s u n a r i z e d  i r  F i q .  3 . 1 ) .  Afxer 10 days  c f  l e a c h i x q  

:he pH of f i e  NaCCl s o i u t i o n  had c;?anqed -,c pH 8. ?his i r d l c a t e s  

t h a t  either an ions  a r e  l eached  from t h e  o b s i d i a ~  q l a s s ,  o r  OH- i s  

adsozbed oo the q l a s s  s u r f a c e  (c f .  Bornemisza 1371:  Loushnan 

1 9 6 3 ) .  Because a l k a l i  n o i u t i o c s  d i s s o l v e  s i l i c a  (Louqhcac 1 3 6 3 ;  

Smith 1380)  i t  can be  azsuned t h a t  K and lii: a i e  p r e f e z e z t i a l l y  

l eacked  a l c n s  u i t h  S i .  

Conc ius ions :  I f  we combice our  resu1:s w i t h  those i r  t h e  

i i t e  r a ~ u r e  we c a c  make t h e  f oi iowinq t e n t a t i v e  s t a t e m e n t s  abouz 

t h e  ~ o s s i b l e  e f f e c t s  of l e a c h i n s  and hydraz ioz  OR t h e  composi=ior ,  

of  c k s i d i a n  t e p h r a  q l a s s :  

1) S t r o ~ g  a c i d  e n v i r o n s e n t s  cause  :he p r e f e r e r i t i a l  I ~ a z h i a q  

of  a l k a l i  e a r t h  e lements  (Ca, Mq, Ba) and  t h e  " _ r a n s i r i o n  e l e m e n ~ s  

( F e ,  P b ,  C d ,  Mn, Zn) which f u n c t i o n  p r i m a r i l y  a s  network 

mod i f i e r s  (cf. - h i s  s t u d y ;  Belousova and Tonkonoqov 1368; S r c i t h  

1 5 8 C ) .  The l e a c h i n g  e f f e c t s  may be a c c e l e r a t e d  f o r  e l emen t s  

h a v i ~ q  s m a l l e r  i c n i c  s i z e s .  Potassium c o n c e n t r a t i o n  i s  

r e l a t i v e l y  u n a f f e c t e d  by a c i d  l each inq  (Belousova and Toko~oqov  

1 S 6 E ) .  



2 )  S z z c n q  a l k a l i n e  e n v i ~ o r ~ r n e n : ~  will c a u s e  p r e f e r e ~ : i a l  

l e a c h i r . q  o i  re'cwczk f o r m e z s  s u c h  a s  S i  a c d  o t h e z  a r i o n s  ( C i ,  2 ,  

T) , k i t h  a c o n c c a i r a n t  r e d u c t i o r ,  i n  K ,  Ca, Li, 'J, a c d  V ( c f ,  t i i s  

s r u d y ;  S m i t h  1 3 6 C )  

3 )  I n  mosz w e a t L e r i n q  e n v i r o n m e n t s  rhe pH Is n o t  a s  e x t r e m e  

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

U n d e r  m o d e r a z e  w e a t h e r i n q  e n v i z o c m e z ? ~  s l o w  h y d r a t i c 2  i s  ~ r o k a b l y  

t he  d o m i n a n t  forlr t  o f  w e a z L e r i n q  f o r  s i l i c i c  q l a s s e s .  D u r i n s  

h y d r a t i o n  t h e r e  i s  ar, i r i w a r d  d i f f u s i o r !  o f  p r o t o n s  (H+) o r  

h y d r o n i u m  i c 2 s  (H30+), ki - .h  c o n c o m i t a r . t  o u - w a r d  d i f 2 u s i o n  of 

a l k a l i  a r d  a l k a l i n e  e a 8 r . h  me-ais ( D o r e m u s  1 9 7 5 ) .  C x i d a ~ i c n  0 2  P e  

cari a i ~ o  o c c u r  (W, A n k i c s e  1 3 8 0 ;  p e r s ,  coma.) . l t k e  a l k a l i  x e t a l s  

a r e  r e m o v e d  f r o m  tbe h y d r a z i o n  A n d ,  w h i l e  t h e  a l k a l i n e  e a r x h s  

t e n d  t o  ix l ~ a c h e d  f r o m  +he h y d z a t e d  p o r t i o n  b u r  a r e  c o n c e n t r a ~ e d  

a t  the s u r f a c e  o f  h y d r a t e d  s p e c i m e n s  ( 2 s o ; q  et a;. 1 3 7 8 ) .  Durisq 

h y d r a t i o n  hiqker Z t r a c e  e l e m e n t s  h a v e  l o w e r  d i f f u s i o n  r a r e s  ~ h a c  

major e l e m e n t s  f r o m  t h e  same c h e n i c a i  g r o u p s  ( e . q .  K v e r s n s  F b )  

( J a m t o n  et C a r r o n  1 9 7 3 )  . 

4 )  T h e r e  aze s o m e  d i s c r e p a n c i e s  i n  ',he l i t e r a t u r e  a s  t o  '-,he 

r e l a t i v e  s c i u k i X t i e s  o f  K a n d  Ca d u r i c q  c h e m i c a i  w e a t h e r i c q .  

Some w r i t e r s  claim ' h a t  K i s  q u i t e  s o l u b l e  d u z i n q  w e a t h e r i n q  

( e , q .  R a n k a m a  a n d  S S a r m a  1 9 5 0 ;  T e r i a  a n d  H a y a m ~  1 3 7 5 ) .  O t h e r s  

s u q q e s t  thar C a  i s  e a s i l y  r e m o v e d  w h i i e  K m ends t o  r e m a i n  i n  :5e 

w e a t h e r e d  p r o d u c t s  ( L o u q h n a r !  l 9 6 3 : 4 3 ) .  



Appl ica ' : io r , , c :  I n  o u r  s ? u d y  ( C h s .  4 a 2 d  5) Ye a z a l y z e  

- - s e p a r a t e d  q l a s s  f r o m  t h e  6 2 - 2 1 0  m i c r o n  s i z e  r a z q e  a s  wel, a s  

q l a s s  s a a p l e s  f r o m  :he si l : -s ized ( < 6 2  ~ 3 )  s i z e  r a n c e .  S a m p l e s  

- - h a v e  bee2 c o l l e c t e d  f r o m  d i f f e r e r t  i o c a : i c n s ,  a ~ d  a2 e z r o r y  w a s  

made  t o  s t a n d a r d i z e  m e t 5 c d s  o f  c h e m i c a l  t r e a z m e n t s  i n  o r d e r  t c  

r e d u c e  v a z i a b i i i t y  i z t r o d u c e d  t h r o u q h  l e a c h i n q  d u r i n q  s a m ~ i e  

p r e r a r a t i o n .  Cue  t o  t h e  z e l a t i v e i y  l a r q e r  s u r f a c e  a r ea  o f  ; h e  

p a r t i c l e s  i n  t h e  fine q z a i r , e d  s p e c i m e n s  ( ( 6 2  pm), W E  c a n  e x p e c t  

t h a t  a l a z q e r  v c l u m e  in t h e  f i n e  q r a i c e d  samples  w i l l  b e  a f f e c t e d  

, b y  L o t h  1 e a c h i r . q  ar?d h y d r a t i o i i ,  S a m p l e s  c c l l e c i e c !  fzom 3 i s t a l  

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

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

N e v e r t h e l e s s ,  i f  we ca2 d i s t i o q u i s h  between t e p b i a  s o u r c e s  a n d  

i d e c t i f y  d i s t a l  s a m p l e s  w h i l e  a n a l y z i r q  s a r p l e s  f r c n  e i ' h c r  s i n e  

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

s e ~ a r a t e d  q l a s s  f r a c t i o n s  f r o m  i h e  d i f f e r e n t  s i z e  r a n q e s ,  we 

c o n s i d e r  t h a t  b c t h  w e a t h e r i n q  a n d  1 e a c t i r . q  h a v e  h a d  r e q l i q i u l e  

e f f e c t s  o r  t h e  q l a s s  c o a p c s i t i o n  of  y o u n q  ( H o l o c e n e )  t e p i r a s .  

3.3 E m p i r i c a i  R e s u l t s  o f  Effec-s  o f  S a m p l e  P r e p a r a t i o n  o r  7 

I n  t h e  f o l l o w i n g  s e c t i o ~ s  ne s t u d y  t h e  e f f e c t s  i h a c  f i v e  
t --- 

s z e p s  i n  sample p r e p a r a t i o n  h a v e  o n  c o n c e n ? r a t i o n s  o f  e l e m e n r s  i n  

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

T h e s e  a r e  a s  f o l l o w s :  1)  q l a s s  s e p a r a r i o n ,  2 )  s i e v i c q  a s  aa3 



a l t e r ~ a l e  met5cd f o r  g l a s s  s epaza t ion ,  3 )  t i C i  t s ~ a t s e n f s ,  9) H,G, 

t rEa tments ,  and 5 )  NaOCi a s  an a l t e r n a t i v e  t o  HLOp. 

Gecera i  Methods: T h e  e f f e c t s  of s a i n ~ l e  p z e p a r a t i o c  here 

s t u d i e d  d u r i c g  a  riurnher o f  d i f f e r e a t  e x p e i i m e c t s  us icq  :he 

fo i iowinq  q e r e r a l  a p ~ r o a c h  t o  t h e  problem. 1 )  A few samples weze 

s e l e c t e d  from v a r i o u s  t e p h r a  s o u r c e s ,  T h e  sampLes were t t e t  

subdivided i n t o  sub - f r ac t i ons .  2 )  Cne sub-sample iemaiaed 

u n t r e a t e d ,  whi le  c t h e r  sub-samples were t r e a t e d  b y  o2e o r  more of 

the above 5 s t e p s  io s a m ~ l e  p r e p a r a t i o n .  3) Trea ted  and 

u n t r e a t e d  samples  were then analyzed,  acd t h e  ave raqes  azd 

s t a n d a r d  d e v i a t i c c s  were c a l c u l a t e d  f o r  a l l  s a m ~ l e s  aza lyzed  f r ~ m  

each tephza  sou rce  a t  v a r i c u s  s t a q e s  i n  sample p r s p a r a t i o n .  T h e  

e f f e c t s  of s amr l e  p r e p a r a t i o n  on t h e  s t a n d a r d  d e v i a t i o n s  ( S )  a = e  

examined i n  Ch 4 ,  whi ie  t h e  e f f e c t s  of sample p r e p a r a t i o n  on t h e  

averaqe  c c m ~ o s i C i o 2  f o r  each t e p h r a  souzce w i l i  ke s sud i ed  

here.  We first subtraci led  t h e  averaqe (K-beta/Cp) r a r i o s  of 3 b ,  

S r ,  Y from t h e  averaqe ( P k / C p )  r a t i o s  of  Y ,  Z E ,  a r d  Nb. iie the;: 

c a l c u l a t e d  t h e  pe rcen t aqe  d i fZezences  i n  t h e  averaqe  

c o n c e n t r a ~ i c n n  between t r e a t e d  and untzeared samples. T h s  

c h a r q e s  i n  ave rage  c o n c e n t r a t i o n s  wi'h sample p r e p a r a t i o n  a r e  

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

t h e  va lues  means t h a t  t h e  c o z c e ~ t r a t i o r  of an element h a s  

decreased.  A p o z i t i v e  devia:ion meacs ~ k a c  t h e  avezaqe 

c o n c e ~  t r a t i o n  of an element has i n c r e a s e d  w i t h  p r e p a r a r i o 9 .  Any 

d e v i a t i o n  l e s s  than twice  t h e  a n a i y t i c a i  v a r i a b i l i ~ y  f o r  ~ a c h  

r a t i c  was n o t  cons ide red  s iqn i f i can ' .  







SAMPLE TREATMENT STEPS 



Glass  S e p a r a t i o n :  Thzee g r o u p s  of s a n p l e s  h a v i s q  d n d e r q o n s  

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

scurces (3 Yc, 3 B R ,  4 PI., a r d  2 ucknown (U o i  I)). S a m p l e s  k z d  

b e e n  t r e a t e d  a s  f o l l o w s :  s a m p i e s  from ;he  6 2  t o  2 1 0  n i c r o n  s i z e  

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

t h a n  6 2  m i c r o n  size ranqe w e r e  s u b m i t t e d  f  c r  a n a i y s i s ;  q i a s s  

s e p a r a t e s  f r o m  t h e  62-2 10 m i c r o n  s i z e  r a n q e  were a n a l y z e d .  A l l  

samples h a d  b e e n  p r e - t r e a t e d  w i t h  f l C 1  arid NaOCi ( o x  i-fzO,) p r i o r  

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

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

u n s e ~ a r a t e d  specimers f r o m  t h e  62-216  micro^ s i z e  r a n q e .  

T h e  p e r c e n t a g e  c h a n g e s  i n  c o n c e n t r a t i o n  w i t h  q l a s s  

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

i n  c o i u m a s  A a ~ d  B ( f i q .  3 . 1 ) .  R e s u l t s  show t h a t  c o n c e c t r a ~ i n q  

the q l a s s ,  using e i t k e r  ~ e t h o d ,  p r o d u c e s  a  c o r s i s t e n t  i z c r e a s e  iz 

t k e  c o n c e n t r a i i o n s  o f  a l k a l i  metals, a c o n s i s r e n t  d e c r e a s e  i n  i k 2  

c o n c ~ ~ t r a i i o n  o f  a l k a l i  e a r r h  metais, a c o n s i s z e n t  d e c r e a s e  i n  

t h e  a v e r a q e  Z o f  t h e  m a t r i x ,  a n d  a s k a r p  d e c r e a s e  ir! t h e  

c o n c ~ n i r a t i o n  o f  i r o n .  Most t r a n s i t i o n  elemerits a r e  p r o b a b l y  

r e m c v e d  w i t h  t h e  b iq :?  Z f e t r o - m a q n e s i u m  m i n e r a l s ,  u n i l e  C a  ar?d SI 

a r e   roba ably reriioved w i t h  t h e  p l a q i o c l a s e  f e l d s p a r s .  Some o f  

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

T k e  t r a n s i z i o n  ~ l e m e z r s  Y ,  Z r ,  Nb, acci =he a i k a l i  m e t a l s  ( R ,  a t )  

a r e  c o n c e n t r a t e d  i n  t h e  q l a s s  p h a s e  o f  t5e s e p a r a t ~ d  s p e c i m e n s .  



T h e  o ~ l y  e x c e p C i c ?  t c  t 5 i s  r u l e  i s  Plazama f o r  w h i c h  Nb i s  

c o n c e c z r a - e d  i c  t3e m i n e r a l  p h a s e .  Hazama h a d  t h e  lowsst 

 pro^ c r  t i c 2  c f  m i ~ e r a l s ,  w h i l e  Y 2 h a d  t h e  q r e a t e s - , .  

I T h e  z e s u l t s  ~ z o d u c e d  by  s i e v i n q  t o  c o n c e n t r a t e  t h e  q l a s s  

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

l i q u i d  s e p a r a t i c n s  ( c o l .  A )  . T h i s  i n d i c a t e s  t h a ?  ?Be- f i n e  

f r a c t i o n  ( ( 6 2  pno) of s i e v e d  a s h e s  i s  mai r , ly  c o m p o s e d  o f  q i a s s .  

J u d q i n q  b y  t h e  m a q n i r u d e  c f  c h a 2 g e  p z o d u c e d  t h z o u q h  q l a s s  

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

s i e v i r q ,  ~ i e v i n q  i s  o n l y  a  s l i q n t i y  l e s s  effective s e y h o d  f o r  

s e p a r a t i n q  t h e  q l a s s .  

a C 1  T r e a t m e n t s :  D u r i c q  2 d i f f e r e z :  e x p e i i m e r i t s  a f e k  

s a m ~ l e s  were t r e a t e d  w i i h  H C 1  a n d  t h e  r e s u l t s  were c o m p a r e d  ko 

u n t r e a t e d  s a a p i e s  of t h e  same .  I n  o n e  e x p e i i m e c t  13% HCL was 

u s e d  o n  2  samples of  Hazama q l a s s  ( 6 2  t o  210  m i c r o n s ) .  I n  a 

s e c o r i d  e x p e r i m e n t  2 0 %  H C l  was u s e d  t o  t r e a t  less t h a n  6 2  m i c r o n  

s i z ~ d  samples o f  dazama  ( 3 ) ,  13R ( I ) ,  a n d  Yn ( 1 ) .  

T h e  p e r c e r t a g e  c h a n q e s  in c o n c e c t i a t i o c  w i t h  the a c i d  

t r e a t n e n t s  a r e  ~ l o t ~ e d  i n  c o l u m n  C, T h e  H c ~  t z e a t m e l ~ s  p r o d u c e d  

c o n s i s t e n t  r e d u c t i o n s  iz Ca, F e  a ~ d  S r ;  f h e s e  e i e m e z t s  weze 

p r o k a b l y  r e m o v e d  w i i h  i r o n  o x i d e s ,  c a l c i u m  c a r b o n a T e 5  a n d  s a l z s .  

A s i q n i z i c a n t  a m c u n t  of i r o n  may  b e  r emoved  f rom t h e  q 1 a s s  i c s e l f  

( s e e  s e c t i c r  3 . 2 ) .  No o t h e r  e l e m s n t s  showed s i q c i f i c a ~ ~ t  c k a ~ q e s  



e x c e p t  foz  t h e  YL s a m p l e s .  12 rhe Yn sarn~les  55e d ~ c r e a s e s  i n  

t h e  i r a n s i t i o c  e l e l c e n t s  Y ,  Z r ,  F e ,  T i ,  wi:h c o n c o r n i t a c ~  i ~ c r e a s e  

i n  3 k  a n d  d e c r e a s e  i~ a v e r a g e  z ,  s u q q e s - s  +ha t  soEe c l a y s  a s  weil 

a s  c x i d e s  a r e  b ~ i ~ q  d i s s o l v e d  b y  t h e  a c i d .  T h o  s h a r p  r e d u c ~ i o r .  

i n  C a  a n d  S r  i n  t h e  BR s a m p l e  i n d i c a r e s  t h a t  : h i s  = a m p l e  idas 

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

H%O, a c d  NaCC1: Two qroups of  samples ( 3  N, 1 BR ard 1 Y n )  

were t r e a t e d  with a C 1  a n d  H,O, a n d  HC1 a n d  N a O C 1 .  I n  a s ~ c o n d  

e x p e r i m e n t  2 s a m p l e s  o f  Mazama q lass  ( 6 2 - 2 1 0  m i c r o n s )  w e r e  

t r ~ a t e d  w i t h  1 0 %  H C 1  a n d  1 0 %  H,0,. T h e  r e s u l t s  o f  t he  H C i  anO Ht3,. 

a n d  t h e  H C 1  a n d  NaOCl t r e a t e d  s a f f i p l e s  w e i e  c o m p a r e d  LO s a n p l e s  

which h a d  u c d e r q c c e  o n l y  t3e H C 1  t r e a ' m e n l s .  

\ R e s u l t s  aze p l o t t e d  i n  c o l u m n s  D a n d  E a n d  show t h a t  n e l t b e z  

t h e  p e r o x i d e  r o r  t h e  N a O C i  t r e a t m e n r s  p r o d u c e d  s i q ~ i f i c a r t  

c h a n g e s  i n  r e l a t i v e  c o n c e n t r a t i o n s  i n  t h e  samples. T h i s  is 

p r o b a b l y  b ~ c a u s ~  r o c e  of  t h e  sa f f ip l e s  o f  t h i s  s'udy was h e a v i l y  

c o n t a m i n a t e d  u i t h  o r q a c i c s .  N e v e r t h e i e s s  H C l  a n d  HxO, ( o r  NaCC1) 

t r e a ' . m e n l s  somerimes caused s i i q h t  i ~ c r e a s e s  i n  Ca, T i ,  F e ,  Sl r  

when c o m p a r e d  t o  H C 1  t r e a t n e n t s  u s e d  a l o n e .  R e s i d u a i  p e r c x i d e  c r  

N a C C l  l e f t  o n  t h e  s a m p l e s  m i q h t  b e  i n t e z f e z i ~ q  w i t h  t h e  

s u b s e q u e n ?  HC1 f r ~ a t m e n t s .  I n  l a t e x  e x p e r i n e n t s  t h i s  p r o k l e m  was 

c i r c u m v e c ~ e d  b y  u s i n g  t h e  H C 1  treatmects b e f o r e  t h e  N a O C l  or  

p e r o x i d e  t r e a t m e n t s .  



Whec C C ~ ~ F ~ I S ~  t o  B L 0 2 ,  NaOCi seems T O  c a u s s  a d d i ~ i o ~ a l  

d e c r e a s e s  i r .  R, Ca, Fb, and S r  i n  scme samples .  As I( is 

concer , r ra ted  i n  t h e  q l a s s  pnase of  s e p a r a ~ e d  t e p h z a s ,  i-, s e e a s  

p o s s i b l e  t h a t  :ke NaOCL s o l u c i o r  i s  l e a c h i n q  t h i s  e l e n e z t  a l cnq  

w i t h  ce'work f c rmer s  frcm :he q l a s s .  

3 . 4  E e l a i i v e  E f f e c t i v e n e s s  of  Each I r e a t i n e r t  S t ep  a r d  

Conclusioris  

When examining t h e  z e s u l t s  i n  f i g u r e s  3. 1 ,  i- i s  c i e a r  :ha; 

b y  f a r  t h e  most s i g n i f i c a n t  chanqe f o r  a l i  the eiemszts i s  

o t t a i n e d  t k r o u g h  s e p a r a r i o n  of  t h e  q l a s s  b y  s i e v i n q  oz b y  heavy 

l i q u i d  s e p a z a t i c n s .  The nex t  l a r q e s t  e f f e c t  i s  produced b y  t h e  

HC1 t r e a t m e n t s .  

The a l k a l i n e  e a r t h  aad major t z a n s i i i o z  e l emen t s  a x e  most 

a f f e c t e d  b y  q l a s s  s e ~ a z a t i o n  fo l lowed  b y  ?he a c i i  t r e a t m e n t s .  

T h e  t r a n s i t i o n  e l emen t s  ( Y ,  Z r ,  Nb), on t h e  o t h e r  har.d, a r e  mosy 

a f f e c t e d  by q l a s s  s e p a r a t i o n s  b u t  zemain r e l a t i v e l y  unaff  ~ c t e d  b y  

t b e  chemical  t r e a rmen tz .  T h e  e r r a r i c  chanqes  i~ t h e  s m a l l  peak$,  

Y and Nb picduced by sample  p r e p a r a t i o n  a r e  p a r t l y  due t o  

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

e i r c r  i n  t h e  SAMPO c a l c u l a t i o n s  of peak a z e a s  o r  t h e  sma l l  peaks 

(see  Ch. 4 )  . 



As n o s t  of  t h e  t r e a t m e z :  s t eps  p z o d u c e Z  c k a l c e s  f o r  UGST 

e i e a e r ? r s  t h a t  were q u i ~ e  p z e d i c t a b i ~  ( see  secticri 3 . 2 ) ,  we cac  

d e d u c e  t h a t  o u r  TteaTme3ts a r e  e f f e c t i v e  f o r  r e m o v i n q  sost  f c r a s  

c f  c c n t a m i r a t i o n .  I t  i s  a i s o  e v i d e n :  x h a t  s i e v i n q  i s  a 

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

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

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

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

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

d e m e n t s  w h i c h  are Z o u n d  u s e f u l  f o r  i d e n t i i y i n q  ~ e f h r a s ,  t h e  

a b o v e  i n f o r m a t i o n  w i l l  h e l p  u s  f u z t h e r  d e c i d e  which s r eps  c a l  ke 

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

c o o c e n t r a t i c n s  cf the e l e m e n z s  of I n z e r e s i .  



FACTOES AFFECTING U N C Z R I A I N T Y  (S)  

I n  s e c t i o n  2.1 we d i s cus sed  w h y  we must underszand =he 

u n c e r t a i n t y  a s s c c i a t e d  wizh t h e  a n a l y s i s  of  a  3umber of samples 

from e a c h  t e p h r a  s o u i c e ,  I n  a d d i t i o n  t o  i s o l a t i n q  the 

u n c e z t a i n t i e s  frcm v a r i c u s  sou rces  we w i l l  a i s o  study :he 

Y o r ~ a l i t y  of t h e  d i s t r i b u t j o n s  of  he r e l a t i v e  concea tza t io r : s ,  

Fc= coavec ience  i a  ? h i s  c h a p t e r  we will s t u d y  the r e i a c i v e  

perceri taqe e r r o r  o r  c o e f f i c i a n t  of v a r i a t i c n  (CV) a s  d e i i c e d  b y  

e q u a t i o n s  4 . 1  and 4 . 2  (cf .  Thomas l 3 7 6 ; 8 3 ) .  

- 
x = averaqe  c o r c e n z r a t i o n  

of elemen? 
S = szandard  devia'ioc 

eq. 4 . 2  

The t o t a l  u o c e r ~ a i n t y  f o r  a  n n m b e r  of  samples analyzed frcm 

e a c h  t e p h r a  source ,  LV ( t )  , consair is  t h e  uncertainry due r-c each 

o f  t h e  f a c t c r s  l i s t e d  i n  se-ctior! 2. 1 added ir_ q u a d r a t u r e .  



eq. 4.3 LV (t) = L V ( c o u n t i n q  sta:iszics) + iV [ s : ? o ~ Y  iezm 
i n s t a b i l i z y  a n d  o p e r a r i o c a l  a z r o r s )  + LV (10:s tezm 
i c s t r u a e c i a l  a n d  o p e r a z i o n a i  e r z o s s )  + LV ( s p e c i a e n  
p i e s e n = a : i o n )  + L1l ( r r p l i c a z o  s a m ~ l e  p z e p a r a z i o n )  + 
L V  ( w e a r h e z i n q  e f f e c t s )  + LV ( c o c t a m i n a t i o n )  . 

To  s t u d y  t h e  u n c e r t a i ~ t y  f r o s  e a c h  o f  t h e  a b o v e  6 f a c z o x s  we 

se t  some of  t h e  u n c e r t a i n t i e s  t o  z e r a  t h r o u q h  c o n t r c l l e d  

e x p e r i m e n t a t i o n ,  a n d  t h e 3  we u s e d  e q u a z i o n  4 . 3  t o  s u b z z a c ~  o z h e r  

u a c e r t a i n t i e s  o f  known m a q n i z u d e .  idher, we s ~ u d y  a n y  of t k e  6 

f a c t o r s  i n  e q u a t i o o  4 . 3 ,  h o w e v e r ,  we aze  s i u u i t a n e c u ~ l y  s ; u d y i r q  

a c u ~ b e z  o f  s u b - f a c i o r s  w h i c h  a i e  i n c l u d e d  i n  :he u n c e r ~ a i c ~ y  f o x  

=>a: f a c t o r .  T h e s e  c a n  Ye s u n m a r i z e d  a s  2 o i l o w s :  

1)  C o u n t i n g  s t a t i s t i c s  a r e  s i m p l y  :he P o i s s o n  c o u n t i z q  

s t a t i s t i c s  cf  zhe Pk/Cp r a r i o s  q i v e n  b y  e q u a t i o n  4.4: 

B = b a c k q r o u n d  
Cp = Compf o n  h e i q h t  

2 )  Short-term i n s t r u m e n t a i  i 3 s ~ a b i l i t y  a a d  o p e f a t i o n a i  

e r r o r s  ( w i t h i n -  r u n  v a r i a k i l i t y )  a r e  " h o s e  w h i c h  cccur d u r i n q  a  

s i n q l e  XZS s e s s i o ~ .  T h e s e  i n c l u d e  i n s ' a b i l i r y  i n :  X - r a y  :ukc 

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



a z p 1 i f i c a : i o ~ ;  e l e c t r o n i c  n o i s e ;  % h i ? - s  i n  p u l s e  3 e i q 3 t  

d i s : i i i u : i o s ;  d e a d  t i n e  c o z z e c ~ i o ~ ;  a n d  v a r i a : i o n s  i n h s r e c z  i 3  

t h e  ine tnod  b y  r h i c 3  t h e  ~ e a k  a r e a s  a l e  c a l c u i a t e d  b y  c o n p u t e z .  

3) L o n g - t e r m  i n s t r u m e n t a l  a n d  o p e z a t i o n a l  E r = o = s  

( b e t w e e n - r u n  v a r i a b i l i t y )  a r e  t h o s e  w h i c h  c c c u z  b e t w e e n  d i f f e r e n t  

XES ~ e s s i o n s .  T h e s e  a r e  l o n q - t e r m  c 5 a z i q e s  i c  e x c i t a t i o n ,  

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

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

4 )  T h e  f a c t o r s  i n c l u d e d  i a  specirnea e z r o r s  w e r e  l i s t e d  ia 
9 

s e c t i o n  2.2. Ic a d d i t i . c n  t o  p a r t i c l e  s i z e ,  t h i c k s e s s ,  a g d  

m i c r c - i n h o n o q e g e i r y  e f f e c t s ,  = h e r e  w i i l  b e  v a r i a 5 o n s  d u e  t o  

q e o m e t r y ,  k a c k q r c u g d  sca t ter  a n d  i n t e z f e r i n q  p e a k s .  

5) N i t h  s a n p i e  p r e p a r a t i o n  we s x p e c t  t h a t  r h e  u n c e r t a i n t y  

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

~ e p 3 r a  s o u r c e  w i l l  d e c r e a s e  a s  c o r t a r n i n a n ' s  a r e  r e n o v e d .  

B o w e v e r ,  o t h e r  f a c t o r 5  b e s i d e s  c o n i a m i c a r i c n  c a n  a f f e c t  tts 

u ~ c e r t a i a t y  a s s o c i a t e d  wi',h sampie p z e p a r a t i o n  a o d  could c a u s e  a n  

i c c r ea se  i~ the u n c e r t a i n t y  w i t h  r e n o v a i  o f  c o n t a m i n a n t s :  a )  

Scme u n c e r t a i n t y  a a y  r e s u l '  f r o m  z e p l i c a t i n g  s a m p l e  p r e p a r a t i o n .  

b )  L a r g e  c h a n q e s  i n  c o n c e n t r a t i c a  o f  a p a r z i c u l a r  e l e m e n t  w i l l  

a f f e c t  t h e  r e l a t i v e  u n c e r t a i n t y  d u e  t o  cou3: inq  s t a t i s t i c s ,  c )  

I5 t h e  l e v e l  a n d  T y p e  o f  c o n t a a i n a t i o n  i s  f o r t u i r o u z l y  =he same 

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



p r e p a r a t i o r  c a n  a l s o  o c c o r  when p r e p a z a t i o ?  l e a d s  r o  l a r q e  

c h a n g e s  i~ c o ~ c e r t r a t i o n s  o f  e l e m e n ~ s .  d )  L a r q e  s 5 i r ' t s  i n  

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

i n  ',he n e t  ~ e a k  c a l c u l a t i o z l s ,  e )  Larqe u n c e r z a i n t i e s  i n  ihe 

e i e m e n t s  3 h ,  S r ,  Y ,  i n c r e a s e  t h e  u a c e z t a i n t y  o f  Y ,  Zr, Nb d u e  t c  

v a r i a 2 i o n s  i n  tfis u n d e r i y i n q  K-beza ~ e a k s .  f )  I f   he u r c e z ~ a i n t y  

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

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

estimate i s  i a r q e .  Some o f  t h e  c n a ~ q e s  i n  'he s ' anda rd  d e v i a t i o n  

f c l l c w i z q  p r e p a r a t i o n  w i l l  t h e r e f o r e  b e  zandom. 

4 . 2  G e n e r a l  M e t h o d s  

T h e  r e l a t i v e  p e r c e n k a q e  e r s o r s  (CV s) were d e f i r i e d  d u x i n q  

e x p e r i m e n z a  d e s c r i b e d  b e l o w .  T h e  C V t s  were i s o l a t e d  v i a  ~ q .  4 . 3  

f o r  samples a n a l y z e d  w i t h  a  Bg s e c c n d a r y  i a r q e ?  a n d  a r e  l i s t e d  ir. 

T a C l e  4. 1. Scme u l l c e r t a i l ~ i e s  weze i s o l a ' e d  f o r  s a l c p l e s  a a a l y z e d  

w i t h  a Z g  s e c o n d a r y  t a r q e ?  a n d  a r e  l i s t e d  i n  Tab le  4 . 2 .  

I n  some c i z c u m s t a n c e s  we u s e d  t h e  r e s u l t s  o f  mare  t h a n  c n e  

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

f a c t c r .  U n d e r  t h e s e  c i r c u m s t a n c e s  we u s e d  e q u a t i o o  4.5 t o  

c a l c u l a t e  t h e  w e i q h k e d  a v e z a q e  o f  t h e  s t a n d a z d  d e v i a t i o n s  ( S p )  

(cf. J c h n s c n  1 3 7 6 :  372)  . 
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eq. 4 .5  

g ( n i  - 1 )  sia 
S i  = s z a ~ d a r d  d e v i a t i o n  

o f  e x u e r i m e c z  ( i l  . . 

f (ni-I) n i  = number  o f  a n a l y s e s  u s e d  
t o  c a l c u l a t e  Si 

I n  t h e  t e x t  we w i l l  c c c a s i o ~ a l l y  r e f e r  t o  u n c e r t a i r t i e s  

w h i c h  a re  s i q n i f i c a n t l y  d i f f e z e 3 z  f r c a  e a c h  a - h e r .  I n  s u c h  cases  

a o n e - t a i l e d  F t es t  a t  .05  l e v e l  o f  s i q n i f i c a n c e  was u s e d  t o  

d e c i d e  w h e t k e r  cr n o t  t h e r e  were a n y  s i q n i f i c a 2 r  d i f f e r e n c e s  

b e t t i e e n  v a r i a n c ~ z  (see J o h n s o n  1376 :351  f c r  d e z a i l s  of  t h ~  k e s t  

u s e d ) .  

4.3 S t u d y  o f  U n c e r t a i n t y  

A )  S t a t i s t i c a l  U n c e r t a i n t y  Due t o  C o u z t i r q  E r r o r s  

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

p e a k  o f  a  t y p i c a l  t e ~ h r a  s a m p l e  u s i n g  eq. 4 . 1 .  

The  r e s u l i s  i n  T a b i e  4.  1 ( c o l .  1) SLOW t h a t  f o r  a 5 r r i n u i e  

c o u n t i n q  p e r i c d ,  the C V 1 s  o f  t h e  rnajoz p e a k s  a r e  a b c u r  1 t c  2 Z, 

tine w i l l  m a i n l y  z s d u c e  t h e  C V 1 s  o f  t h e  s m a l l e r  p e a k s .  P c r t h e r ,  

a s  i r d i c a t e d  i c  T a b l e  4 . 2 ,  u s e  c f  a Zn t a r q e t  q r e a t l y  r e d u c e s  t h e  

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



B )  u c c e r t a i s t y  D u e  t o  O p e r a t i c 2 a l  asd 1 ~ z ~ r u m s n : a l  E r r o = s  

W i t h i r -  rur, ar.d Bet ueen-zun  V a r i a b i i i t i z s :  ?, ll!nahoaa:: y t4  

o k s i d i a n  s t a n d a r d  was  c u t  to i n f i a i t e  t h i c k z e r s  a n d  i t s  s u r f a c e  

was p o l i s h e d .  T h i s  was r o u t i n e l y  a n a l y z e d  d u r i n g  e a c h  X E S  

s e s s i o n .  We c a l c u l a t e d  t h e  a v e r a q e  a n d  s i a c d a r d  d e v i a t i o c  an 

r e s u l t s  o v e r  3 s e p a r a t e  XES s e s s i o n s  i o  F Z C ~ U C ~  o r e  e s t i m a t e  o f  

u r c e i t a i n t y  d u e  t o  b e t w e e n - z u n  v a r i a b i l i t y .  The s t a n d a r d  was 

a l s o  a n a l y z e d  IC, 6 ,  6 ,  a n d  5 c o r s e c u f i v e  times i n  fouz s e p n z a t e  

XES s e s s i o n s  a n d  we ~ o o l ~ d  t h e  f o u r  e s i i m a t e s  o f  w i t h i n - r u z  

v a r i a b i l i t y  v i a  eq. 4.5 .  B e c a u s e  scrne c o n c e n t r a t i c n s  i o  tSe  

s t a r i d a i d  were q u i t e  d i f f e r e n t  f rom t h o s e  i z  a  t y p i c a l  t ephra  

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

( p a r t i c u l a r l y  b e t w e e n - r u n  v a r i a b i l i t y  f o r  K a n d  C a )  o v e r - e s t i m a ' e  

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

m a q n i t u d e  cf  u n c e r ' a i n t  y c a l c u l a t e d  on  t h e  s t a n d a z d ,  h o w e v e r ,  

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

b o t h  s t a n d a z d  a ~ d  t e p h r a s .  

The  u n c e r t a i n t y  d u e  t o  w i t h i n - r u n  v a r i a b i l i t y  f o z  t h e  s n a l l  

p e a k s  ( K ,  Rb, Y ,  Nb) was s m a l l e z  z h a n  t h a t  d u e  t o  rhe c o u n t i n q  

e r rcrs  f o r  t h e s e  p e a k s  ( T a b l e  4 . 1  c o l .  2 ) .  T h e r e  i s  e v i d ~ n t l y  a 

s y s i e m a ' i c  e r r o r  i n  the SAMPO f i t t i 3 q  r o u t i n e  o r  t h e  s m a l l  peaks ,  

p r o d u c i n q  a r t i f i c i a l  u r . i f o r m i t y .  C c a v e i s e l y ,  t h e  small p e a k s  

k a v e  t h e  l a r q e s t  b e i w e e n - r u o  v a r i a b i l i t i e s  ( c o l .  3 ) .  T h i s  



i n d i c a t e s  ? f ia t  h e  c a n c o t  r e p r o d u c e  ? h e  fits or, t n e  s m l l  ~ e a k s  

i;e-,weer; d i f f e r e c t  X Z S  r u n s .  T h e  i a z q e  peaks ( I =  a z d  S r )  kave I?O 

s u c h  a d d i - i o n a l  u n c e r r a i g ~ y  due t o  t L e  b e t w e e n - = a z  v a r i a b i i i r y .  

T i ~ e r e f o r e ,  w i t h  t h e  e x c e p t i o n  o f  fi::izq problems on t h e  small 

p e a k s ,  there a r E  no a d d i t i o n a l  l o n q - t e r n  i a s 5 i a n e n z a i  o r  

o p e r a t i o n a l  e r r o r s .  B y  r o u t i n e l y  a n a l y z i n q  a  c a l i b r a t i o n  

s t a n d a r d  d u r i n q  each XXS s e s s i o n ,  we c o u l d ,  i f  z e c e s s a r v ,  

c a l i f r a t e  t o  r e d u c e  some of  t h e  be tween-run  v a r i a b i i i t y  on '>E 

s m a l l  peaks .  

B e s u l t s  ix !  I a b l e  4 . 2  show = h a t  b o t h  w i z h i r - r u a  a2d 

Setweeri-rua v a r i a b i i i t y  a r e  improved  f o r  t h e  ma j o i  e i e a e n ~ s  when 

a n a l y z i n q  w i t h  a  Zn s e c o n d a r y  t a r q e t .  i lowever,  b e c a u s e  i n  o u r  

s y s t e m  we c a n n o t  c o a ~ l e t e l y  r e s o i v e  t h e  Ca and  I( peaks ,  f i z i r q  

p r c k l e m s  a r e  s t i l l  e v i d e n t .  

SAMPO f i t  e x r o r s :  We r a r  che  SAnPO p r o q r a n  on a q r o u p  o f  

C - s p e c t r a ,  i l Z S T  usi_n,q f i t  paramet-ers  from t h e  p r e v i o u s  X X S  

s e s s i o n ,  a n d  t h e r  c a l c u l a t i n q  new peak f i t  F a r a m e t e r s .  Ye f c u n d  

t h a t  r e - c a l c u l a t i o n  of rew f i t  p a r a m e t e r s  a f t e r  each XES s e s s i c n  

s i q n i f i c a n t l y  improved  t h e  w i t h i n - r u n  & ! r e c i s i o n  by 7 t o  7C"Ro= 

most peaks .  The s y s t e m a t i c  e n o r  i n  t h e  s m a l l  ~ e a k s  was a l s o  

r e d u c e d  b y  s u c h  rceasureE. 



C )  i l r c e r t a i n t y  Cue t o  Specines  P r s s e ~ t a t i o n  

Ana lys i s  of P e l l e t s  Ver sus  Loose Powders: Ten p e l l e t s  o f  

s e p a r a t e d  q l a s s  from a  s i n q l e  l a s q z  s a n p l e  of Mazama Treated " i t h  

H C l  a n d  H Z O Z  w e x  prepared  i n  i d e 3 t i c a l  f a s h i o n s  (Met-hod 5 ) .  

P r i c r  t o  p e l l e t i z a ' i o n  t h e  samples tjere ground ( i o  iess  t h a r  $ 5  

pm) and mixed i n  a  p o r c e l a i n  b a l l  m i l l .  Zen l c o s e  ~ o w d e r  saniples 

o f  s e p a r a t e d  q l a s s  from a s i n q l e  sample of Mazana (62-21 0 ym) 

were ana lyzed  f o r  comparison.  We a l s o  ana lyzed  10 l o o s e  powder 

samples from t h e  ( 6 2  pn s i z e  ranqe  of s i eved  buz o tke rwi se  

u ~ t z ~ a t e d  specimecs  fzom t h e  same i a r q e  Hazaraa s a i n ~ l e .  (Glass  i n  

t h e  < 6 2  Pm s i z e  ranqe i s  'yp ica l ly  s l i q i t l y  l e s s  pure  t h a n  q l a s s  

s e p a r a t e d  k y  heavy l i q u i d  s e p a i a t i o n s  from t h e  6 2 - 2 1 0  pm ~ i z e  

ranqe.)  The F e l l e t s  were q r e a t e r  t han  3 3 %  i c f i n i t e l y  t h i c k  

( s e c t .  2 . 2 ) ,  a n d  we e s t i n a r e d  t h a t  t h e  l o c s e  powders (about  4 

qrams) were pcuzed t o  q r e a t e r  t h a n  38% of i n f i n i t e  t h i c k n e s s  i n  

t h e  sample C U F S ,  

The unce r t a i r i t y  due t o  r e p l i c a t e  p r e p a r a t i c n  and a n a l y s i s  of 

p e l l e t s  was i n s i q n i f i c a n t  (0 t o  2 %  fcz  n o s i  p e a k s ) ,  Ev iden t iy ,  

t h e  p e l l e t s  a r e  v e r y  homoqe~eous.  When arialyzinq loose  pcwders 

i n  t h e  62-210 Prn s i z e  r anqe  i n s t e a d  of p e l l e t s ,  t h e  unce r t a inzy  

was l a r g e r  b y  up -co 7% f o r  some elements .  The u z c e r t a i n t y  i n  ' h e  

f i n e  q r a i a c d  s i z e  ranqe (<62 Pm) was t h e  l a r g e s t  ( C  t o  1OX for 

most e l e n e n i s )  , E v i d e n t l y ,  n i c sc - inhoaoqene i t i e s  a r e  more o f  a 

protlem than p a z t i c l e  s i z e  e f f e c t s  when a z a l y z i n q  l c o s e  pcwder 



s ~ ~ c i m e r s .  O t h e r v i s e  t h e  a 3 c e r : a i s t y  of t he  l a z q e r  s i z e  r a n q e  

w c u l d  b e  l a r q f r  z h a c  r L a t  of ;he sffialler s i z e  z a n s e s  ( c f ,  3 e r z i n  

1 3 7 0 ) .  T h i s  is  a l s o  e v i d e n :  f r o m  t h e  r e s u l t s  o b t a i n e d  w i t h  a bz 

t a z q e t  w h e r e  t h e  unce= :a in ty  o f  t h e  less n o ~ o q e n e o u s  s a m p i e s  i s  

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

h a v i n q  l a r q e r  p a r t i c l e  s i z e s .  

U n c e r t a i n t y  Due t o  V a r i a b l e  T h i c k c e s s :  A l t h o u q h  o u z  p e l l e t s  

w e r e  i n f i r i i t e l y  t h i c k ,  we w i s h e d  t o  see i f  t h e r e  were a n y  

c o r r e l a t i o n s  k e i u e e n  t k e  Fk/Cp r a t i o s  a n d  p e l l e t  m a s s  ( ~ h i c k n e s s )  

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

o f  p e l l e t s .  A s  p e l l e t s  kscome  t h i n ,  f h e  Pk/Cp a n d  Z p / 3  r a t i o s  

s h c u l d  i n c r e a s e ,  a n d  t h e  c a z z e l a t i o n  b e t w e e n  2 k / C p  r a t i o s  a n d  

mass s h o u l d  b e  n e q a t i v e  ( F i q .  2 .1)  . We c a l c u l a t e d  S p e a r m a n ' s  

r a n k  o r d e r  c o e f f i c i e n t  c c m p a r i n q  t h e  P k / c ~  i n t e n s i t i e s  = o  p e l l e e  

mass ( c f .  J c h n s o r  1 9 7 6 :  5 3 3 ) .  A t  t h e  5 %  l e v e l  of  s i q n i f i c a n c ~  we 

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

s i q n i f i c a n t l y  l a r q e  a n d  n o n e  was n e q a t i v e .  T h e r e f o r e ,  when 

a n a i y z i n q  samples o f  g r e a t e r  t h a n  9 3 %  i n f i n i t e  t h i c h e s s ,  s l i q h t  

c h a n q e s  i n  t h i c k n e s s  h a v e  n o  s i q r i f i c a n t  e f f e c t  o n  peak  a r c a .  

D )  S a m p l e  P r e p a r a t i o n  

I n  o r d e r  t c  e s t i m a t e  t h e  u n c e r t a i n t y  d u e  t o  c c r i t a n i o a t i o 3  ue 

c c m ~ a r e d  t h e  u n c e r t a i a t i e  5 a s s o c i a t e d  w i t h  t h e  a n a l y s e s  o f  a 

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



-, s p s c i n e n s  fzom 3 t e p 3 s a  s o J r c e s ,  i n 9  p o o l e d  u 2 c e r : a i n t  y 

c a l c u l a r - e d  on  tke jrhole a s h  s a ~ p l e s  ( 1 4  i?, 7 Hz, 5 5:) *ras 

c c m p a r ~ d  t o  t h e  r o o l e d  u n c e r t a i c z y  c a l c u l a r e d  oz a  ?uaDe= 02 

q l a s s  samples s e p a r a t e d  f rom the 62-270  pm s i z e  r a r q e  a z d  :=eared  

w i t h  HC1 a n d  NaCCi ( 4  Pi, 7 Yr, 2 ER) . I n  c r d e r  :o I m p r o v e  s a a ~ i e  

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

s e ~ a r a t i o ~ i s  w i t h  a d d i t i c n a l  s e ~ a r a z i o z s  u s i z q  a F r a n z  m a q n e c i c  

s e F a r a t o r .  The  i s o l a t e d  u n c e = ? a i n r i e s  d u e  70 w h o l e  a s i i  a r a l g s i s  

a n d  a a a i y s i s  o f  q iass  s e p a r a t e s  a r e  l i s r e d  i r ?  T a b l e  I r .  1 ( c o l s  9, 

8 )  

When c c a p a r i c q  a i l  the i s o l a t e d  u n c e r ~ a i ; ? i e s  i r-  t h e  ; a k l c ,  

i t  i s  c l e a r  t h a t  t h e  l a ~ q e s l  s o u r c e  of  u n c e z t a i n y y  ( 4  T O  5 C X )  i s  

c a u s e d  b y  c o n t a m i n a t i o c  i n  t h e  whole  a s h  s a m p l e s .  T h e  q z e a t e s t  

! i m p z c v e m e n t  i n   recision is, L h e r e f o r e ,  a c c o m p l i s h e d  :h rocq5  

s a m ~ i e  p i e p a r a t i c n .  Ic c o m p a = i s o o ,  a  r e l a t i v e l y  s n a i l  

i s p r c v e n e ~ l t  i n  t h e  u a c e r s a i n z y  is a c h i e v e d  by a c a l y z h q  p ~ l l ~ c s  

i n s t e a d  o f  I c c s e  p o w d e r s ,  A f a i z l y  l a r q e  u n c s z i a i 3 c y  was 

a s s o c i a t e d  w i t h  t h e  a n a l y s i s  o f  p u r i f i e d  q i a s s  s p e c i m e n s  (0  t o  

285), i n d i c a t i n g  t h a t  some u e a t h e r i c q  o r  c o r i t a m i ~ a t i o ~  a f f e c t s  

t h e  h o m o q e r e i t y  c f  t h e  g l a s s  s p e c i m e n s  e v e n  a f z e r  mcst o f  t h e  

c c o t a m i n a ~ t s  a r e  removed.  However,  : h i s  u n c e r t a i n t y  is s ~ i l l  

q u i t e  s s a l l  ig c c m p a r i s o g  $0 t h e  u n c e r t a i n t y  a s s o c i a t e d  w i t h  

a n a l y z i n q  u 2  t r e  a t e d  s p e c i s e n s .  



Because sample :rea-ner: ca3 have s u c k  a i a z q e  e f f e c t  oii :.is 

u a c ~ i t a i n t y  i 3  cur  measurezenTs, ve f u z t h e r  s r u d l e d  t h e  chazqe i z  

u r c f r t a i n t i e s  due zo sample pzepazar ioc .  

S f f e c t s  of  Feplica'e Saaplf  P z e p a r a ~ i o c  on Urce rza i z ty :  I n  

o r d e r  t o  d c f i r i e  t h e  u n c e r t a i n t y  in txoduced ic t h e  l a b  d u r i a q  

r e r l i c a t e  sample p r e p a r a t i o n ,  we subdiv ided  i a r q e  t eph ra  sampler 

and the s u b -  f r a c t i o n s  weze pzepared i n  i d e z t i c a l  f a s h i o n s  

(Methods 1 ,  3 ,  4 ,  a n d  6 ) .  iJe found tLaz t h e  u n c e r l a i n t y  d u e  tc 

such r e p l i c a t e  s a r p l e  p r e r a r a t i o n  was min i aa l ,  abou: 0  t o  1 0 %  f o r  

most peaks. 

E f f e c t s  of Reinoval c i  2 o r , t a s i n a z t s  on Unceztainzy: 12 czdez 

t o  s t u d y  the effec-s  ~ L a t  each s'ep i 2  s a s ~ l e  piepara:ion ha5 on 

t h e  u z l c e r t a i ~ t y ,  we compared t h e  c o e f f i c i e n t  of v a r i a t i o r ?  (CV) 

a s s o c i a t e d  w i t h  d i f f e r e n t  s r e p s  i n  pzepaza'ion; 

eq. 4.6 

1 = t r e a t m e n t  s t e p  1 
2 = treatment s t e p  2 

The C V s  s t u d i e d  ir! t h i s  p o r t i o n  of our work weze c a l c u l a t e d  

fzcm t h e  e x p e r i m ~ n = s  desc r ibed  in  C h a p ~ e r  3. Glass separat io.r l  b y  

heavy i i q u i d s  o r  s i e v i n g  prodaced ~ h s  L a r q e s t d i f f e r e n c e s  i n  = b e  

u i i ce r za i s ty  ( + 5  t o  -33%) wi2h ppzeparation. T h i s  was fo l lcwed  k y  

-,he B C l  Treatinerrs  ( + 3  t o  - 3 0 % )  i h e z  t h e  re=oxi.de o r  N a O C l  



- - fo r  ?he s ieved samples. I l i  peaks, pa==iculaz ly  t h e  rrd.?si:ion 

elenezt-s Y ,  Zr, and Nb, der ived some b e a e f i ?  f r o n  qlass 

sepazat ion  (CV2-CV1 = - 2 %  (Fe ) ,  - 4 %  ( Y ) ,  - 3 %  ( Z r ) ,  -33% ( 6 b ) ) .  

T ~ E  B C I  i r e a t m e r t s  caused some decreases  i r  t h e  uncer:ain?y o f  

a l l  reaks except  T i  azid Y .  The u r , ce= ta in t i e s  of K,  Ca, Fe,  B k ,  

S r ,  Zr, Nb i n  t h e  ~ rea ' ed  samples weze smal ler  b y  8 6 ,  2 0 ,  1,  2 ,  

5,  1 ,  and 3 0 1 .  Hydrcqen peroxide caused decreases  i n  :he C V 4 s  of 

Rb ( - 2%)  and P ( -3%) while use of NaOC1 caused decreases  in t h e  

urcertain'y of Y ( - 6 1 )  and ?Ib ( - 4 % ) .  O f  the  -,ephras, Y 2  was 

o r i q i a a l l y  t h e  l e a s t  homcqeneous aad req i ske red  t h e  i a r q e s t  

chanqes i n  u a c e r t a i n t y  w i t h  p r e ~ a z a z i o n .  

Chemicai Treatmen's on the < 6 2  pm Size  Ranqe: I n  t h e  

experiments descr ibed akove we c a l c u l a t e d  t h e  s tandard d e v i a t i c a s  

on b u t  a  few sampies frcm each zephia source.  3e therefoze  

ca rz ied  out  a  seccnd experinen? on 4 B E ,  8 H, ard 3 Pn samples i n  

order  t o  d e f i n e  b e t t e r  t h e  c ianqes  i n  u n c e r i a i n ~ y  associa ted  wi'h 

H C 1  and H,O,tzeatments on samples from the  ( 6 2  pm s i z e  ranqe 

(Meihods 1 and 2 ) .  The u n c e z t a i n t i e s  f o r  t h e  followicq r a i i ~ c  

d e c e a s e d  r i q r r i f i c a n t l y :  K ,  ( - 5 2 ) ,  Ca ( - ' 30%) ,  T i  ( - 7%) ,  Pe 

( 7  Bb ( - a % ) ,  S r  ( -73)  and Cp/B ( -5%)  . The uace r t a in ty  o f  Cne 

t r a n s i t i o n  elenenLs Y t o  Nb, 3owevsr, d i d  c o t  s i q n i f i c a z z l ~  - 

improve. 



5) Ees-L f o r  N o r m a l i t y  o f  = h e  3 i s t . z ibu : io r .  o f  3e l a : ive  

C o n c ~ n s r a t i o n s  

we i z d i c a t e d  i n  s e c e i o n  2 .2  t h a r ,  we c a n  c o r r e c r  many 

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

t h e  Comptoc  h e i g h t  o r  t o  t h e  z i r c o n i u m  p e a k  a r e a .  We a l s o  

d i s c u s s e d  w h y  i t  was i a p o r % a c t  :ha: o u r  m e a s u z s s  o f  r e l a r i v e  

c c n c e n t r a : i c n  b~ N o r m a l l y  d i s t r i b u - e d .  

He c a r r i e d  cu' 'wo t e s t s  02 a q r o u p  oi 41 a l a i y z e d  s a m p l e s  

o f  a a z a m a  a s h  frcm t h e  l e s s  ~ h a n  6 2  m i c r o n  s i z e  r a c q e .  I n  o z e  

t e s t  we d e t e r m i n e d  w h e t h e r  t h e  u n c e i t a i a t y  when n o z m a l i z i n q  t o  

t h e  Comptoc  h e i q h t  was  l a r q e r  o r  smaiier  t h a n  when a o r m a i i z i ~ i q  t o  

'he Zr p e a k .  I n  t h e  s e c o n d  t e s t  we d e t e r m i n e d  u h e t t e r  f o r  a 

s e l ~ c t  q r o u ~  of  e l e m e n t s  b o t h  s e t s  o f  r a t i o s  were N o r m a l l y  

d i s A - ;  .lLSuted. ? o r  t h e  s e c c n d  e x p e r i u e n t  we u s e d  t h e  

i ( c l m o q o r o v - S m i r r c v  (R-S)  c n e - s a m p l e  t e s t  ( a s  d e s c z i k e d  i n  I 'hcrnas 

. L 1 ~ u t i o n  h a v i c q  t h e  1 3 7 6 : 3 3 6 )  t o  c o m p a r e  o u r  d a t a  t o  a Norma l  d i s L - "  

same parameters. 

When n o r m a l i z i n g  i o  t h e  Cp h e i q h t  a s  o p p o s e d  t o  t h e  Zr p e a k ,  

t h e  C V V s  w e r e  s m a l l e r  f o r  t h e  e l e m e n t s  T i ,  F e ,  S r  (CV ( C ) - C V ( Z z )  = 

i o  1 7 % ) .  A t  t h e  .05  level o f  s i q n i f i c a n c e  ( z w c - t a i l e d  y e s : )  , ue 

f o u n d  t 5 a t  t h e  elemezts Rb, Y ,  K w e r e  S o z m a l l y  d i s t r i b u t e d  



7 -  w k e - h e r  n o r s a l i z e d  t o  + k e  Zz p e a k  o r  C p  > e i g h t .  n c k e v e - ,  w h i l e  

tte d i s t r i k u t i o r ! ~  o f  P e / C p  a n a  S r / C p  weze N o r m a l l y  d i s ~ r i k u : e d ,  

t h e  d i s t r i b u t i c s s  o f  F e / Z r  aid S r / Z x  v e z e  n c a - N o r m a l  a x d  h e r e  

p o s i t i v e l y  s k e w e d .  I n  C h a p e e r  2 we s h o w  t h a t ,  w i t h  

c o n t a m i n a ' i o n ,  there i s  a n e q a t i v e  c o r r e l a t i o n  b e t s e e ?  

c o n c e n t r a t i c o s  of F e ,  aad Z r ,  a n d  b e t w e e n  S r  a r d  2s. The 

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

c o r r e l a t i o n  b e t h e e n  t h e  e l e m e n ~ s  S r ,  F e ,  a n d  Zr. I k i s  W O U ~ ~  a i s o  

e x p l a i n  why, w t e c  n o r m a i i z i n q  t o  Zz, the u n c e r t a i n t y  i s  i a r q e z  

f c r  ? h e  e 1 e m e r . t ~  w h i c h  a r e  n e g a t i v e l y  c o r z e l a t e d  w i t h  Z r  ( T i ,  Fe,  

S r )  . 

4 . 4  Summary and Z o n c l u s i o c s  

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

a n d  s p e c i m e n  ~ r e s e n ' a ~ i o n  e r r o r s  remair small i n  c c m p a r i s c n  Y O  

t h o s e  d u e  T O  s a m p l e  c o n t a m i n a t i o n ,  b u t  the f o l l o w i n q  s i m p l e  

m e t h c d s  c a n  be  u s e d  t o  i m p r o v e  a n a l y t i c a l  p r e c i s i o n :  1 )  

I n c r e a s i n q  c o u n t i n g  times i m p r o v e s  p r e c i s i c n  i n  o u r  m e a s u r e  o f  

t h e  small p e a k s .  2 )  A c a l y s i s  w i t h  a Z r i  t a z q e t  i m p r o v e s  

a n a l y t i c a l  p r e c i s i a n  i n  o u r  m e a s u z e  o f  m a j o r  e l e m e n t s .  3 )  

C a l i k z a t i n q  r e s u l t s  h e l p s  z e d u c e  b e t w e e n  r u n  v a r i a b i l i t y  f o r  t h e  

smailer p e a k s .  a n d  4 )  f i e - c a l c u l a t i o n  o f  f i t  F a r a n e t e r s  a f t e r  

e a c h  XES s e s s i o n  r e d u c e s  withi!? a n d  b e t w e e n  r u n  v a r i a b i l i ~ v .  



w i t h  l o o s e  ~ c v d e r  a n a l y s i s  (33  oppossd Y O  a c a l y s i s  of p e l l e t s )  

t h i s  u r c e r t a i n t y  i s  sma i i  i n  ccmparison t o  =ha t  a s s c c i a - e d  v i t h  

. - :ce a n a l y s i s  of consamirated samples. The improvements i z i  

u z c e z t a i n t y  t h a t  c ac  be  made b y  p r epa r inq  p e l l e r s  a x  p r o l a n l y  

n o t  s u f f i c i e n t l y  i a r q e  t o  mer i t  such an  i n c r e a s e  i n  e f f o r t .  

, -' 
The q r e a t e s i  improvment ir p r e c i s i o n  can be accoap l i shed  

t3 rouqh  s a n ~ l e  pzeparaz ion ,  p a r f i c u l a r l y  rnrouqh q l a s r  

sepazaz ioz .  S i ev inq  t o  e x t r a c k  t h e  ( 6 2  miczcc size frac ' io-  

qLass s e p a r a t i o n  b y  heavy l i q u i d s  and could  ~ r o v i d e  u s  w i t h  a 

I 
g r e a t l y  s i ~ p l i f i € d  zechxique for s a p a r a i i n q  th? q i a s s .  A s  i l C l  

a rd  HLOZ ( o r  NaCC1) ;=eatmerits have l i t ~ l e  e f f e c t  cn b o r h  t h e  

u n c e r t a i n t y  and t h e  c o r c e n t t a t i o c s  o f  some e l emen t s ,  ~ h e s e  

trearaen:s cou ld  be  e l i m i n a ~ e d  i f  c o n c e n t r a 5 o n s  o f  =he 

, a p p r  c p i i a k e  e lements  Fr cve t o  b e  d i s t i n c r i v e l y  d i f  r'erenk Let ween 

t e ~ i i r a s  Zrcm d i f f e r e n t  sources .  



C H A R A C T E E I Z B T I C S  OF T E P H E A  G B O U P S  

1 I n  t h i z  c h a r r e z  ue e x a m i a e  w h e y h e r  B E S ,  K A B ,  o r  

a l p h a - c o u ~ t i a q  a r a l y s i s  c a n  b e  u s e d  t o  d i s t i n q u i s h  k e t w e e n  

s a m ~ l e s  f r o m  6 t e p 5 r a  s c u z c e s  ( W h i t s  R i v e r  [ W E ) ,  G l a c i e l  Feak G 

(GPG), Glacier  P e a k  B (GPB),  IYt. S t .  H e l e n 5  Y E  (Yn)  , Y a z a ~ a  ( M )  

a n d  E r i d q e  R i v e r  ( B R ) )  ( s e e  A p p e n d i x  A ) .  Use o f  t h e  
. -  . A - c o e f f i c i e n t s  w i l l  a l l c w  u s  to d e t e r m i c e  i r  r h e  s e p a r a t e  s o u z c e s  

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

d i Z f  e r e c t  k e t w e e n  sources s o  t h a t  i n d i v i d u a l  sampies can k e  

i d e r t i f i e d ,  The r e s u l t s  u s i a q  t h e  t h r e e  i n s t r u m e n t a l  t e c b z i q u e s  

w i i l  be c o m p a r e d  r o  e a c k  o t h e r  a n d  t c  d a t a  a p p e a r i n q  w i z h i n  3 e  

l i t e r a i u r e .  I f  c n e  cf :he ~ e c h x i q u e s  p r o v e s  u s e f u l  f o r  

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

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

i d e n t i f y  s a s p l e c ,  

5, 1 A n a l y t i c a l  N e t h c d s  

A )  T h e  S a m ~ l e s  a n d  S a m p l e  P i e p a z a t i o c  

Our  m e t h o d s  f o r  c o l l e c i i n q  s a m p l e s  weze  d e s c r i b e d  i n  Ch .  2 .  

I 
I I n  t h i s  ' e s t  f i v e  o f  t h e  Y t .  S t ,  Elelens Yn samples h a d  beer! 

' c c l l c c t e d  n e a r  :he s o u r c e  a n d  t w o  ( U l - 4 a ,  UL- 1 0 )  were c o l l e c ~ e d  



i ~ i  ?ke S k a r a q a r i  z e q i o n  o f  9 . 2 .  n l i  samples h a d  b e e n  p r e p a r e d  a s  

a a d  t r e a ~ s d  w i t h  B C I ,  NaCCl s o l u ~ i o c s  t o  r c m o v e  3 a l i s ,  m e t a l  

o x i 6 ~ s  a n d  o r q a ~ i c  s t a i r s .  ( T h z e e  s a i n ~ l e s ,  UL- 10, UL-&a, U - 4 3 ,  

seemed t o  b e  z o r e  h e a v i l y  c o c t a m i a a r z d  ? h a 3  t k e  c t h e r s  a a a  

u n d e r w e n t  t h e  H C 1  t r e a t m e n t s  f o r  l c n q e r  times 'han u s u a i ,  30  t o  

45 m i n u t e s . )  We t h e n  s i e v e d  t h e  s a m p l e s  t o  i s o l a t ~  r h e  6 2 - 2 1 0  )In 
- > 

a n d  ( 6 2  ) I m  s i z e  r a n g e s ,  G l a s s  was s e p a r a t e d  fzcm t h e  6 2 - 2 1 0  )ID 

s i z e  r a n q e  k y  means  o f  h e a v y  l i q u i d  s e p a r a t i o ~ s  f o l l o w e d  b y  

s e ~ a z a t i o n s  w i t h  a F r a c z  m a q n e t i c  sepazatcr  fo; a d d i c i o c a l  

p u r i t y .  A s  N a C C 1 ,  HCI r z e a t e d  s a n p l e s  f r c n  the  l e s s  i h a n  62  

m i c r c n  s i z e  1 a a . g ~  were a v a i l a b l e  f rom t h e  same s a m ~ i e s  f o r  w h i c h  

we s e p a r a ' e d  t h e  q l a s s ,  we s u b m i t t e d  s u c h  samples d i r e c z i y  f c r  

a n a l y s i s  i n  o r d e r  t o  c o m p a z e  r e s u l t s  o f  the < 6 2  pa s p e c i m e o s  t c  

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

B )  XES A n a l y s i s  

I n  a l l ,  31 s a m p l e s  o f  p u r i f i e d  q l a s s  s e p a i a t e s  acd 31  

s a m ~ l e s  of f i n e  q r a i n e d  s a m p l e s  ( ( 6 2  pm) p z e t r e a t e d  w i t h  N a O C l  

a r d  H C 1  were a n a l y z e d  b y  XES u s i c q  a  s i l v e r  s e c o n d a r y  t a r a e t .  

T h e  Fk/Cp r a t i o s  f o r  = h e  elements K, C a ,  T i ,  f e ,  R b ,  S r ,  Y ,  Zz, 

a n d  Nb were t h u s  d e ~ e r r n i l l e d .  A n a l y s i s  times were 15 m i ~ u t e s  p e r  

s e p a r a t e d  q l a s s  s a m p l e  a a d  1 0  m i n u x e s  p e r  ( 6 2  pm s a ~ p l e .  



Ths 3 1  s e p a r a ~ e d  g l a s s  samples weze a l s o  a c a l y z e d  o y  N A X  a c  

n - +  ~ L U M F .  I' p r e ~ a r a ' i o n  f o t  a n a l y s i s  we w e i q h s d  a p ~ i o x i a a t e l  y C.7 

q z a a z  of p c r d e r ~ d  s a m p l e  inso 1 2  mrn d i a m e t e z ,  2 4  m m  I o n s  

p o l y e t h y l e n e  v i a l s .  We p u l v e r i z e d  Anahim o b s i d i a n  a n d  w e i q h e d  

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

c o r r a i n e r s .  One s t a n d a z d  was p z e p a z e d  f o r  e a c h  samgle. 811 

v i a l s  were t h e n  beat  s e a l e d  a n d  p a i r s  of v i a l s  ( o z e  c a ~ t a i n i n q  a  

r e p h r a  s a m ~ l e ,  c r e  c c n t a i l ? i n q  a  s t a a d a r d  s a m p l e )  were p i a c e d  i n t o  

l a r q e z  u n s e a l e d  p o i y e t h y l e n e  c o n t a i c e r s .  Six a i d i ~ i o n a l  c b s i d i a 3  

s z a a d a r d s  here p r e p a r e d .  D u z i o q  N A A  t h e s e  wou ld  e v e n t u a l l y  he 

c r o s s - c a l i t r a t e d  a g a i c s ~  a n  i z t e r n a t i o r a l  q r a c i c e  s t a n d a z d  

( N I I - G )  . 

E) A l p h a  C o u n t i n q  

Twen ty - two  o f  t > e  p u r i f i e d  q l a s s  a n d  1 4  f i n e - q r a i n e d  s a m ~ i e s  

were f u r t h e r  a n a l y z e d  b y  a l p h a  c o u n t i n g  tc d e t e r m i c e  their U and  

T h  c o n c e n t r a r i o n s .  T h r e e  o f  t h e s e  samples (M-54, M-56, U-48) h a d  

b e e n  t r e a t e d  w i t k  p e r o x i d e  i n s t e a d  o f  N a O C l  tc z e m c v e  o r q a n i c s .  

5. 2 R e s u l t s  

Tab les  5 .1  t o  5 . 3  show t h e  a v e r a q e  c o n c e r ~ r a t i o n s  a n d  

s t a n d a r d  d e v i a t  icns o r  t h e  a v e r a q e s  a s  d e t e r m i z e d  f o r  each t e p h z a  
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scuzce  f o c  a l l  e l e r n e ~ t s  a za lyzed  b y  YZS acd NAB. I n d i v i d u a l  

a n a l y s e s  obyainod b y  a l ~ 5 a  c a u n ~ i n q  appeaz ic ~ i q .  5.1  w5ile 'he 

a v e r a q e s  a r d  twc siqma r a c q e s  of t X s  a l p h a  c o u s t  r a t e s  f o r  each  

tephxa s o u r c e  a r e  p l o t t e d  is F i s .  5.2. A l l  avezaqes  were 

c a l c u l a t e d  a f t e r  s c a n n i z q  t h e  d a t a  t o  v e r i f y  t h a t  :he q r o ~ ~ i z q s  

, of samples f o r  each t e p h r a  sol lrce seemed r e a s o n a b l e .  Thzee 

samples  (L-23, L - 2 4 ,  U-43) d i d  nox appeaz t o  belonq t o  any of  +he 

, 6 t e ~ h z a  groups .  A s  we weze a l s o  a n s u r e  of ouz f i e l d  

i d e n t i f i c a t i c n s  o f  these samples,  we d i d  r o t  i n c l u d e  t h e s e  i:, t h e  

a v e r a q e s  but l i s t  :hem f c r  cornparisor  i n  Tab l e s  5. 1 Y O  5.3. T h e  

ave r aqes  and s t a n d a r d  d e v i a t i o n s  c a l c u l a t e d  f o r  t h e  N A A  and a l p h a  

c o u a r i n q  r e s u l t s  were weiqkted by  1 / V i  (eq .  5.1 a a d  5.2)  . When 

c a l c u l a t i ~ q  N A A  s t a t i s t i c s ,  V i  is t h e  v a r i a n c e  d u e  t o  a ~ a l y ~ i c a l  

v a r i a b i l i t y  and ,  whez c a l c u l a t i n q  a lpha -coun t i ng  s t a t i s t i c s ,  V i  

i s  ? h e  v a r i a b i l i t y  due t o  coun r inq  u n c e r t a i n t y .  

eq. 5.1 

eq. 5.2 

% - 
X = & T  X i  = c o n c e n t z a t i o n  

I 1 / V i  = weiqht inq f a c t o r  
5- N = number of samples  v; 

N 
5% = z 

A - c o e f f i c i e c t s  sreze c a l c u l a t e d  i n  o r d e r  Z G  cornraze =he  6 

t e p h r a  s o u r c e s  k y  XPS, N A A ,  and a l p h a  c o u n t i n s  and appear  i.2 
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T a b i e s  5.4 y o  5 . 7 ,  Ic A p p e n d t x  C we n a v e  c o c v e z t e d  t h e  a l ~ t a  

c c u c ? i ~ q  r e s u l r s  i z t o  a k s o l u t s  c o ~ c e c i r a t i c n s  o f  U a c d  T h .  

S i m i i a z l y ,  i h e  z e l a t i v e  c o n c e n ~ = a ~ i c n s  d e t e r m i n e d  by X E S  a p p e a r  

a s  akso1u:e c o r c e o t i a t i c n s  i c  r h e  A p p e n d i c e s .  I n  T a b l e  5.7 i n  

a d d i t i c n  t o  A - c c e f f i c i e n t s  c c m ~ a r i n q  t e p k r a s  b y  ' h e k  a l p h a  ccuny 

r a t e s ,  we i n c l u d e  A - c o e f f i c i e n t s  c o m p a r i n q  zhem o n  r h e  basis o f  

t h e i r  U a n d  Ih c o n c e n t r a ~ i o n s .  

5.3 D i s c u s s i o r  o f  2 e s u l t s  

A )  XES 

T h e  A - c o e f f i c i e ~ t s  i3 T a b l e  5 . 4  show t h a - ,  when a n a l y z i c q  

p u r i f i e d  q l a s s  s ~ p a r a t e s  b y  XES, a t  i e a s t  1 elemeat u i i i  a l l c w  u s  

t o  d i s l i n q u i s h  b e t w e e n  a l l  b u t  o n e  o f  t h e  t e p h r a  p a i z s  ( U E / G P )  a t  

t h e  two s i q E a  r a c q e  i n  r e l a t i v e  c o n c e n t r a t i o n .  T h i s  i o d i c a t e s  

t h a t  f o r  t h e  e l e m e n c s  a l a l y z e d  by X E S ,  t h e  q l a s s  s e ~ a r a t e s  a z e  

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

' s a m ~ l e s  o f  Yn c c l l e c t e d  i n  t h e  O k a n a q a o  r e q i o r ,  o f  E.C. ( U L )  a r e  

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

?.his i r d i c a t e s  t h a t  XES a n a l y s i s  o f  t h e  q l a s s  s e p a ~ a t e s  i s  a 

v a l i d  me thcd  f o r  i d e s t i f y i n q  s a m p l e s  from d i s t a l  f a l l o u t  r e q i o o z .  











S i e v e d  S a m p l e s :  T h e  u n c e r r a i r i ~ i e s  a s s o c i a t e d  wick   he 

s i e v e d  s a m p l e s  ( T a b l e  5 . 2 )  a re  s l i q h t l y  l a r q e r  z h a n  ~ f i o s e  

c a l c u L a - ~ d  o n  t h e  s e r a r a t ~ d  q l a s s  s a m p l e s  ( T a b l e  5 . 1 ) .  

N e v e r t 3 e l e s s ,  t h e  A - c o e f f i c i e n r s  c a l c u l a t e d  f o z  :he s i e v e d  

s a m r l e z  ir! T a k l e  5.5 show t h a t  we a r e  a b i e  t o  u s e  s u c h  s a n p l e s  o f  

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

G F / E B  a n d  G P / W R .  O u =  i n a b i l i t y  t o  d i s t i n q u i s h  bezween G P ,  WF a n d  

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

t e p h r a s  i s  f c u n d  w i t k i n  t h e  s a m e  qecqzapt i ica! ,  r eq ions .  (We s h a l l  

i l l u s t r a t e  l a t e r  t b a t ,  i f  o n e  h a s  a E y  d o u b ~ s  w h e t h e r  GP o c c u r s  i n  

B . C . ,  a l p h a - c c u n t i r q  c o u l d  b e  u s e d  t o  d i s t i n g u i s h  b e t w e e n  t h e  GP 

a n d  El? l a y e r s . )  

E v e n  t h c u q n  t h e  d i s t a l  Y n ' s  were i n d i s t i n q u i s h a b l e  f r c n  t h e  

s o u r c e  Yn's when a n a l y z i n q  q l a s s  s a m p l e s ,  i f  we c o m F a z e  f i n e  

q r a i n e d  ((62 p a )  samples o f  UL-4a a z d  UL-10 o n  a n  i n d i v i d u a l  

b a s i s  t o  t h e  5 s c u r c e  s a m p l e s ,  c o n c e r . t z a t i c n s  o f  t k e  el em en:^ Ca,  

F e ,  Eb, Y ,  a n d  Zr a r e  t c o  l o w .  S u c h  a n o m a l i e s  w e r e  n o t  

r e p z c d u c e d  i a  l a ' e r  tests,  We t h e r e f o r e  s u s p e c z  t h a t  t h e  

e x t e n d e d  Y C 1  b a t h i n q  times c a u s e d  a d d i ~ i o r a i  l e a c h i s q  of  t h e s e  

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

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

B.C. l e p h r a s :  Clsinq b o t h  s e p a z a - l e d  q l a s s e s  a r d  s i e v e d  
i ' 

s a m F l e s ,  Plazama a s h  i s  e a s i l y  d i s t i n q u i s h e d  f ~ c m  a l l  z e p h r a s  cn 

t h e  h a s i c  c f  i t s  h i q h  Z r  c o n t e n t .  As was shown i 3  s e c t i o c s  3 . 3 ,  



3 . 4 ,  a n d  4 . 3 ,  Z r  i s  u n a f f e c t e d  by - , he  A C l  a a d  pe=ox i .de  

A - r e a ~ m e n t s .  It is  : h e r e f o r e  f e a s i b l e  = h a t  Yazama c o u l d  D E  

d i s t i n q u i s k e d  f r c m  b o t h  ES arid Y E  b y  d i z e c ' l y  s o j m i t t i n q  t h e  f i 2 e  

q z a i z e d  u c r r e a t e d  p o r z i c ~ s  o f  s i e v e d  s a m p l e s  f o r  a c a l v s i s .  E 3  

a n d  Y I ~  c a n  h e  d i s t i o q u i s h e d  f r o m  e a c h  oc,hez on i h e  h a s i s  o f  i h e i z  

m a j o i  e l e m e n t s .  P o t a s s i u m  i s  c h a r a c t e r i s t i c a l l y  low i n  Y L  ( T a k l e  

5 .1  a n d  5 . 4 ) ,  a n d  c a l c i u n c  may b e  c h a = a c t e r i s t i c a l l y  h i q h  i n  Yn 

( T a b l e  5 . 2  a c d  5 . 5 ) .  A s  t h e  u n c e r ' a i n t y  i s  l a r g e  when a c a l y z i n q  

m a j o r  e l e m e c t s  w i t h  a silver s e c o n d a r y  ' a r q e t ,  f u t u r e  a n a l y s i s  

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

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

e l e m e n t s .  

W h i t e  R i v e = :  A l l  q l a s s  samples e x c e p e  WE a r e  c f  t h e  s a m e  

a v e r a q e  c o m p o s i t i o n  a s  e v i d e n c e d  b y  t h e  Cp/R r a t i o s .  W h i t e  E i v e r  

i s  o f  h i q h e z  a v e r a q e  Z t h a n  t h e  r e s t  a n d  c a n  b e  d i s ~ i n q u i s h e d  

fzom GP oc t h e  b a s i s  o f  i t s  Cp /9  r a t i o .  

I Glaciez P e a k :  We f o u n d  = h e  G l a c i e r  F e a k  t e ~ h r a s  r o  k e  

e x t ~ e m e l y  v a r i a k l e  i n  Ca, S r ,  a 3 d  Z i  i n d i c a t i c q  t h e  e x i s t e n c e  o f  

more  t h a n  cne c h e m i c a l  q z o u p .  We o b s e z v e d  a x  l e a s t  2 c h e r i c a l  

q r o u p s  amonq t h e  GP s a m ~ i e r .  T h e s e  q r o u p s ,  h o w e v e r ,  d i d  ro: 

c o i n c i d e  w i t h  t h e  u p p e r  ( E )  a n d  l o w e r  ( G )  l a y e z s ,  b u t ,  z a t i e r ,  

w i t h  s a m p l e 5  c o l l e c t e d  n e a r  t h e  s o u x e  ( G P 3 0 t s )  a n d  s a m p l e s  

c o l l e c t e d  f a r + h e r  a w a y  (GF4O I s )  , Tf;e G P 3 C  s a m p l e s  h a v e  u n u s u a ? ~ y  

h i q h  S r  a n d  Ca c a n c e r t i a t i c o s .  C o n c e n t r a t i o c s  o f  Ca a n d  ST a i e  



s i q ~ i f i c a c i l y  d i f f e r e n t  b e t w e e n  GP 3 C 1 s  a n 3  4 0 ' s  wkel  a z a l y z i ~ q  

s e p a r a t e d  q 1 a s s  f rom :he 6 2  :o 2 1 0  m i c r o n  s i z e  r a n q e .  S e p a r a t i n q  

? h e  two  G? s u b q r o u p s  r e d u c e d  t ; ? e  v a z i a n i l i ~ y  -,o :he p o i n t  :ha: 

e a c h  i r d i v i d u a l  GP s u b q r c u ~  was d i s t i n q u i s h a b l e  f r c z  t h e  c t h ~ r  
1 

a n d  GP30 was d i s ~ i n g u i s h a b l e  f =om WR. A l t h o u q h  d i s c z e p a c c i e s  i n  

C a  i n  t h e  G P 3 0  ~ a m p l e s  c o u l d  b e  e x p l a i n e d  b y  c o n t a m i n a t i o n  o r  

u e a ' h e r i n q  e f f e c t s ,  we d o u b t  t h a t  t h i s  i s  t h e  case. F i r s t l y ,  i' 

i s  u n l i k e l y  t k a t  t h e  s t z o r q  a c i d  b a t h s  wou ld  l e a v e  b e h i n d  a n y  

carbcr ,a :es  o r  s a l 5 s .  S e c o n d l y ,  h y d r a t i o n  a n d  m o s t  c t h e z  f o r m s  o f  

w e a t h e z i n q  s h c u l d  c a u s e  a d e c r e a s e  r a ~ l i e r  r h a n  i n c r e a s e  ir Ca 

c o n t  en;. L a r q e  v a r i a b i l i : i e s  amons  s a m p l e s  o f  G l a c i e r  P e a k  

t e p h r a  h a v e  k e e n  n o f e d  by some z e s e a r c k e r s  (cf.  Wes~qa:e a n d  

E v a n s  1978) a n d  may b e  d u e  ir p a r ?  z o  t h e  h i q h  c r v s z a l  c o n t e n t  i n  

t h e  GP t e p h r a e .  Howeve:, o t h e r  r e s e a c c h e r s  s u q g e s t  t h a t  a p  70 3 

d i f f e r e n t  GF t e p h r a  q r o u p s  may e x i s t  n e a r  t h e  s o u r c e  ( c . 2 ,  

P o r t e r  1 9 7 8 )  ) azd  o r i l y  r e cec t i y  is t h e  s t r a t i g r a p h y  b e i z q  f u l l y  

e x ~ l c r e d  D e a r  t h e  v e c t  ( c f .  Bejet 1 3 8 0 ) .  A s  we c a r i r c t  s o i v e  t h e  

p r o b l e m  o f  GP v a r i a b i i i t y  u n t i l  t h e  ' e p h r a  s e q u e n c e  i s  b e ~ ~ e r  

u n d e r s t o o d  c e a r  t h e  s o u r c e  v e n t ,  we - d i l l  be  c o r t e n ~  w i t h  c u =  

a k i l i t y  t o  d i n t i r g u i s h  G l a c i e r  P e a k  as  a w h o l e  f r o m  t h e  other 

m a j o r  t e p h i a  arcups.  

Unkcowns:  N e i r h e r  t h e  L I O i  U - 4 3  s am~Les  L e l c n q  t o  a r y  o f  

t h e  q r o u p s  a r a l y z e d .  T h e  low p o z a s s i u m  c o n c e c t r a t i c n s  i n  ~ h e s e  

c e p h r a s  s u q q e s t ,  h o w e v e r ,  t h a ;  b o t h  q r o u p s  of sampies beicnq t o  

some flt. S t .  H e l e n s  e c u p t i o n ,  p z o b a ~ l y  Sd o r  T ,  (see Appe?-d ix  D ) .  



F , h e  r e s u l - . s  i n  T a b l e  5.6 i a d i c a ~ e  cha:, a: -,he :wo s i q m a  

I z a n q e  i n  c o r c e n ~ z a t i o n ,   he a x a l y s i s  o f  z h i e e  e l e m e n t s  ( S c ,  H f ,  

a n d  Th)  a l l c w s  u s  t o  d i s c r i m i 2 a t e  b e t w e e n  m o s t  o f  t h e  m a j c s  

P a c i f i c  N o s t h w e s t  T e g h r a s  on t S e  b a s i s  of t h e i r  r a r e  e a r x h  t z a c e  

e l e m e n t  c k e m i s t r y .  L 2 3 ,  L 2 4 ,  a n d  U43 a r e  c h e m i c a l l y  

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

o f   he o t h f i  t e ~ h r a s  e x a m i z e d  (TabLe  5 . 3 ) .  T h e  Mz. ST. H e l e n s  YL 

s a m ~ l e s  c o l l e c t e d  ir t h e  C k a n a q a ~  r e q i o r i  o f  B.C. a r e  c h e m i c a l l y  

i d e c t i c a l  t c  t h c s e  c c l l e c t e d  r e a r  'he s o u r c e .  B a r e  e a r t h  T r a c e  

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

' means  f o r  i d e n t i f y i c q  t e p h r a  s a m p i e s  c o l l e c t e d  i n  d i s ~ a l  f a l l o u r  
I 

r e q i c n s .  

U s i n q  N A A  we c a n n o t  d i s t i n q u i s h  b e t w e e n  Mi. S t .  Helens Y r i  

a3d WR h u t ,  o n c e  a q a i n ,  o w i n q  z o  t h e  d i s t i i k u 5 . . c n s  o f  t h e  

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

t e p h i o c h r o n o l o q y .  W i t h  N A A  we c a n n o t  d i s t i n q u i s h  k e ~ w e e n  =he GPE 

a n d  GPG l a y e r s ,  ;or c a n  we d i s i i n q u i s h  b e ~ v e e n  t h e  GP30 a n d  4 0  

T h e  z e s u l ' s  i n  F i g u r e s  5.1 a n d  5 . 2  i n d i c a t e  t h a t  t h e r e  is  a 

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



c l e a r  d i s t i r c t i o r .  b e t w e e n  :he a l p h a  COPT, t r a t e s  a t  t r i b u r a  b l e  t o  

M t .  S t .  H e l e n s  Yc, G l a c i e r  D e a k  a n d  a l l  o t h e r  ' e p k r a s  e x c e p t  W R .  

" h e  c o u r - t  ra5es of  L 2 4  a n d  U 4 8  a r e  i z e n t i c a l  a n d  c o n f i r m  o u r  

I s u s p i c i o n  t h a t  r e i t h e r  o f  t h e s e  i s  ~ t e  r e s u l t  o f  t h e  Ya erup: ion.  

The  B?. S t .  Hele-s Y E  s a m p l e s  c o l l e c % d  i n  t h e  C k a n a g a n  a r e  

i d e r ~ i c a l  50 t h o s e  c o l l e c t e g  n e a r  t h e  s o u r c e .  3 i s  i n d i c a t e s  

A L _. .a t  c o ~ c e r t r a t i o ? . ~  o f  U a n d  Th c a n  be  r e l i a b l y  u s e d  f ~ r  

i d e - t i f y i r g  d i s - . a l  s a m p l e s .  Tte  c o u n t  r a t e s  p r o d u c e d  b y  -.he 

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

p u z i f i e d  a l a s s e s  w h i c 5  s u g g e s t s  ? t a t  s i m p l i f y i n g  s a m p l e  

p : e p a r a t i o r  w i l l  r o t  a f f e c A  o u r  a b i l i t y  50 d i s f i n u u i s h  beywee; 

A .he t e p k z a s .  F i r a l l y ,  when c o r n p a z i n g  5Y.e s t a ~ d a z d  d e v i a : i o ? s  d u e  

t o  i a d i v i d u a l  c o u ~ ~ i 7 g  s ta t i s t ics  ( P i g .  5.1) t o  t h e  s t a n d a r d  

d e v i a ? i o c s  c a l c u l a ' e d  o r  a  - u m b e r  o f  s z m p l e s  f r o m  a t e p h z a  s o c z c e  

( F i o .  5. 2 ) ,  we see ; h a t  nos-. o f  L.>e u n c e r ~ a i r t y  i s  d u e  : o  

c o r t  a m i r a t i c z  o r  w e a t h e z i r g  : a t h e r  t h a n  c o u n ? i r g  s t a t i s t i c s .  We 

c a l c u l a ~ e d  : t a r  by r e d u c i n g  o u r  c o u n ' i r g  times t o  a b o u t  2  d a y s  we 

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

We c a n n o t  u s e  t h e  a l p 5 a  c o u r t  r a t e s  5 0  d i s t i r g u i s h  b e t w e e r ,  

t h e  f o 1 l o w i r . g  t e p h z a  p a i z s :  BR a ~ d  H, G P 9  a r d  G T G  ( o z  3 0  a c d  4 3 ) .  

H ar,d L o r  U ;  F P  a r d  a l l  c t t e r  t e p h r a s  e x c e p t  Yn. T h e  u n u s u a l l y  

l a r g e  v a z i a r c e  a ? r i b u L a b l e  t o  Wtite P i v e r  a p p e a y s  t o  b e  d u e  TO 

its Th c o r t e C ?  a n d  =emains a m y s t e r y .  S e p a r a t i x g  t h e  c o u n t s  

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

b e t w e e n  t k e  r e m a i n i n g  t e p y r a  p a i r s .  



. . 5.4 C c m p a r i s o ~  with Roik i n  tze Li 'eratuze 

I n  A p ~ e n d i x  D r e s u i t s  o f  N A A  and IYicroprobe a n a l y s e s  foz  r i l e  

l i t e ~ a z u r e  a r e  l i s t e d  f c r  compasiso9 zo our  daza. i n  T a ~ l e  5 . 8  

we ordered  +3e i e p h r a  s c u r c e s  (from hiqhes: t o  l owes t )  a cco rd i aq  

t o  the z e l a t i v e  c o n c e n t r a t i o n s  of each elemenr determined b y  i h ~  

3 i n s t r u m e n t a l  techr.igues. W i t h  t h i s  me-zhcd we a r e  a b l e  t o  

ccmFare oUi d a t a  w i r h  t h a t  o f  t h e  l i t e z a s u = e  i n  o rdez  t o  v e r i f y  

whethez ou r  c h a i a c t e r i z a t i c n s  of t e p h i a  s c u r c e s  a r e  r ea sonab le  i n  

l i q h k  02  r e s u l t s  ob t a ined  b y  o t h e r  r e seazche r s .  Re p l a c e  a 

a t  t h e  bottom of t h e  columns i n  w h i c h  t h e  zank c r d e r s  of  4 major 

t e p h r a  q z o u f s  i~ our  s t u d y  (GP, f i t  Yn, B R )  corzespcnd t o  the  r a a k  

o r d e ~ s  of t h e  same t e p h r a  qroups  i r  t h e  l i t e r a t u r e .  

XES: Table  5 .8  shows t h a t  t h e  r a n k  c rdez  of K c o n c e r i r a t i c n  

i n  cur  t e p h ~ a  qzcups i s  c c n s i s r e n t  with ~ n a t  of t h e  l i z e r a t u = e .  

The XES r e s u l t s  f o r  F e  do no: compare wit5 t h e  l i ~ e i a ? u r e ,  b u y  

t h e  N A B  a n a l y s i s  of  ;he same samples  do. C u r  XES a n a l y s e s  o f  

i r o n  a r e  a p p a r e n t l y  u n z e l i a h l e ,  prokably  d u e  t o  an i n t e r a a l  

source of i zon  contaminasion ( s ee  s e c t i o n  2 . 2 ) .  I f  we i q n o r ~  t h e  

G F 3 0  s a n p l e ~  i n  our r a n k  o r d e r s  i n  Tabie 5. €!, we f i n d  t h a t  ou= 

da t a  on ca lc ium a l s o  confcrms :o t h a t  of t h e  i i i e r a t u z e .  

N A A :  Ey comparing our  d a t a  t o  r e s u l z s  i n  t h e  l i t e z a t u r e  

( A p ~ e n d i x  C) , we show t h a t  crur N A B  =esul:s (pa=:icula=ly f o r  

Mazalra a s h )  ccmFare q u i t e  f a v o r a b l y  w i t h  Borcnardt  ' s t  e x c e p t  f o r  
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t h e  e l e m e n t s  Eu ,  S c ,  a 2 d  C z .  O d z  zeru1:s  dze  c o n s i d e r a b l y  k i q h s r  

f o r  r h e s e  ~ i e m e z t s .  T h e  d i s c r e p a n c i e s  i n  :ke d a - a  a r e  p ~ s s i k l y  

d u e  i o  d i f f e r e n c e s  i a  t h e  l a b o r a ~ o r y  me:hcds cf c a l i b r a t i c n ,  Tke 

r a n k  o r d e z  o f  o u r  da'a a l s o  c o m p a r e s  f a v c z a b l y  7 0  E o r c h a z d t l s  f o r  

a l l   element^ excep:  F e ,  a h ,  Co, Cz. H o w e v e r ,  t k e  c o c c e n t r a t i o n s  

o f  Cc  i n  o u r  d a t a  a n d  o f  R k  a n d  C r  ir. borh o u r  own a a d  

B o ~ c k a r d t '  5 d a t a  a r e  s u f f i c i e n t l y  v a r i a b l e  t o  r e n d e r   hem 

u s d i a q r o s t i c .  I i i c o n s i s t e n c i e s  ia o u r  r a n k  o r d e r s  o f  t h e s e  

e l e m e n r s  a i e  p r o k a b l y  d u e  t o  n o - h i n q  m o r e  :hag r andom 

f l u c t u a t i o n s  i n  t h e  d a - a .  O u r  N A A  r e s u l t s  f o r  i r o i i  a r e  

a p p a r e n z l y  more a c c u r a r ~  :ban B o r c h a r d Y ' s ,  a s  o u z s  c o m p a r e  

f a v o r a b l y  w i t h  z k e  m i c r c g r o b e  r e s u L t s  w h i l e  B o z c h a i d t l s  d c  no:. 

The ~ l a c e m e r t  o f  t h e  L a n d  U s a m p l e s  i r .  zhe   ran^ o r d e r s  S c q q e S i S  

t h a t ,  if '3ese k e l o n q  t c  a  recec: ilz. S t .  H e l e n s  e r u p ~ i o r ,  ? h e y  

a x e  c h e m i c a l i y  mcre l i k e  t h e  W t h a n  t h e  T l a y e r .  

The A-coef  f i c i e n t s  w i t h  w h i c h  we d i s t i n q u i s h  t e t w e e n  

s e p a r a t e  t e p h r a  q r o u r s  a r e  a c o n s e r v a ~ i v e  measuze .  U s i n q   his 

c r i t e r i o n ,  we c a o r . o t  use E o r c h a i d i f s  d a t a  t o  d i s t i n q u i s h  t e t u e e n  

Yn a n d  GP ,  M t .  S t .  H e l e n s  W a n d  GP (Tab le  D.6). We u s e d  c h e m i c a l  

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

B o r c h a r d t  d i d  not. T h i s  nay  b e  o n e  reasofi why o u r  d a t a  a p p e a r s  

t o  t~ b e t t e r  f o r  d i s ' i n q u i s h i n q  b e t w e e n  some  t e p h r a  q r o u p s  t h a n  

d o  E o r c h a r d t  I s .  



5 . 5  C o n c l u s i o n s  

1 We c a n  use XBS, N A A  c r  a l p h a  c o u r t i r q  a n a l y s i s  of  b u l k  
' s a ~ ~ i e s  of q l a s s  t o  d i s t i n q c i t h  be-.weer, mo$t of t h e  P a c i f i c  

N o r t h w e s t  t e ~ h r a s .  Eieducinq sampie p r e p a r a r i o n  a n d  a n a l y z i n q  t h e  

less t h a r  0 2  m i c r c a  s i z e  f z a c i o n  o f  s i e v e d  a s h e s ,  s h o u l d  s t i l l  

a l l c c  u s  t o  u s e  XES and  a l p h a  c c u n t i c q  t o  d i s t i ~ ~ q u i s h  be'weez 

m c s t  t e p h z a  p a i r = .  Mazama c a n  b e  d i s t i n g u i s h e d  f r c m  t h e  c l h s r  

t e p h r a  q i 0 U F s  on the b a s i s  o f  Zz. A s  c h e m i c a l  ~ r e a t m e n z s  d o  z o t  

q z e a t l y  a f f e c t  c o c c e i i t r a t i c n s  o f  Z i  such yreatne3:n  c o u l d  

p z o k a b l y  b e  e l i m i n a z e d  wher. i d e ~ t i f y i n q  Mazama. The BR a n d  Yn 

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

u s i n q  XES t c  a n a l y z e  f o r  ~ a j o r  elemen-. c o n c e n r , = a t i o n s .  B i t n  a Zn 

s e c c z d a z y  t a r q e t  we c a n  q r e a t l y  i m p r o v e  t h e  m a j o r  e l e m e r z  

a n a l y s e s  of  r h e  BR a n d  Yn s a m p l e s .  F o r  m a j o r  e i e m e c t  a n a l y s i s  

t h e  H C i ,  HzOZ i r e a t m e z t s  w i l l  probably b e  n e c e s s a r y  t o  r emove  
6 

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

b e c a u s e  many t e ~ t r a s  c a c  b e  d i s e i n q u i s h e d  cn  + h e  b a s i s  o f  ~ h e i z  

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

t h e  a l p h a  c c u n t e r  i s  a  r e l a t i v e i y  s i m p l e  ~ i e c e  cf e q u i p m s r t ,  

a l p h a  c o u n t i n q  c c u l d  p o t e ~ t i a l i y  b e  d e v e l o p e d  i n t o  a  field m ~ t h o d  

f o r .  i d e n i i f  y i n q  t e p h r a s .  



I T h e  r e s u l t s  s u q q e s t  t h a t  we s h o u l d  be a b l e  t o  i d e n t i f y  t h e  3 

a.c, t e p h r a s  b y  u s i n g  XES t o  a n a l y z e  ? h e  ( 6 2  pin s i z e  f z a c t i o n  o f  

s i e v e d  a s h e s .  S i n c e  we h a v e  n o t  y e t a n a l y z e d  a la rqe  numkez  c f  

samples f r o m  e a c h  o f  t h e  t h r e e  B.C. f e p h r a s ,  we c o n s i d e =  t h e  

r e s u l t s  p resec ted  i n  t h i s  c h a p t e r  t o  b e  p r e l i m i r a z y .  It h i l l  sow 

be i m p o r t a n t  t o  i n c r e a s e  t h e  number  o f  samples a n a l y z e d  w i t h  s u c h  

r e d u c e d  s a m p l e  p s e p a r a t i o a  a n d  70 a t t e m p t  t o  i n c l u d e  t h e  a a a i y ~ i c  

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

d i f  f € r e n t  d e p c s i ? i o n a l  e n v i r o n m e n t s .  T h i s  w i l i  q i v e  a b e t t e r  

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

f r o m  e a c h  s c u r c e .  I2 c h a p i e z  6 we w i l l  use t h e  i c f o r m a t i c n  f r c m  

t h i s  c h a p t e r  t o  e x p a n d  upon t h e  X Z S  m e i h o d  f o r  i d e z i i f y i n a  

t e p h r a s :  1) We c h a r a c t e r i z e  t h e  3.C.  s o u i c e s  u s i n q  n e a r l y - p u r e  
a 

s a m p l e s  f r o m  a v a r i e t y  o f  e n v i r o n m e n " , ~ .  2 )  We i d e n t i f y  s cme  

p z e v i o u s l y  u n k ~ c w n  sample:.  3 )  We r e - c h i i r a c t e r i z e  e a c h  s c u r c e  

u s i c a  a l l  i d e n t i f i e d  s a m p l e s .  a n d  4 )  We u s e  ?:.he A - c o e f f i c i e c t s  

t o  d e t e r m i n e  w h e t h e r ,  i n  t h e  f u t u r e ,  s a m ~ l e s  f r o m  t h e  3 B.C. 

t e p h r a s  c a n  b e  i d e n t i f i e d  w h i l e  u s i n q  s a m p l e s  of  i n k e r m e d i a t e  

p u r i t y .  



C h a p t e r  6 

F U R T H E E  T E S T I N G  OF XZS M Z T H O D  F C 5  THE ?.OU?I?lE 

? D E N T I F I C A 2 I O N  OF TEPHRA SAMPLES 

T h e  r e s u l t s  o f  C h a p t e r  3 ,  4 ,  a c d  5 s u q g e s r e d  t h a t  Eazana ( M )  

c o u l d  b e  d i s t i n g u i s h e d  f r o m  M t .  S t .  H e l e n s  (Yn)  a n d  B r i d q e  Rive: 

(E3) o n  zhe  k a s i s  o f  i t s  Zr c o ~ c e n t r a t i o n  b y  s u b m i t t i z q  t h e  < 0 2  

pm s i z e  f r a c t i o n  of s i e v e d  s a m p l e s  d i r e c t l y  f o r  a n a l y s i s .  3 z i d q e  

R i v e r  a n d  YE, o n  t h e  o t k e =  h a n d  s h o u l d  be d i s t l o q u i s h a b l e  o n  :he 

b a s i z  of  t h e i r  K c o n c e n t r a t i o n s  b y  a n a i y z i n g  B C 1 ,  HzO, - t r~a :~d  

( (62 pm) s a m p l e s  u i = h  a 2 2  s e c o n d a r y  t a r g e t .  

I n  t h i s  c h a p t e r  we f i r s t  e x a m i n e  whether s a m p l e s  ca2 be 

i d e n t i f i e d  u s i n g  H C 1 ,  H t 0 , - t r e a 2 e d  ( 6 2  pm s a m p l e s  a n a l y z e d  w i t h  a  

A q  a n d  Zn s e c c n d a r y  t a r q e t s .  Ye w i l l  t n e n  r e d u c e  p r e p a r a t i o n  b y  

s u b m i t t i n q  t h e  (62  pm s i z e  r a n q e  of s i e v e d  s a m ~ i e s  d i r e c z l y  Zcr 

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

m a i n  q o a l  was t o  i d e n t i f y  n e a r l y - p u z e  samples of  733, Ya, a c d  M 

d u z i n q  t h e s e  e x p ~ r i m e n t s  we d i s c o v e r e d  o t h e r  s a m p l e s  w h i c h  

r e s e m b l e d  t h e  U-43,  and L-23, L-24 t y p e  s a m p l e s  m e n t i o r e d  i~ 

C h a p t e r  5. S u c h  i n f o r m a t i o n  o n  other c e ~ 5 r a s  w i l l  k e  i n c l u d e d  i n  

t h i s  c h a p t e r .  



A )  B . C .  Tephzas 

A qrouF of  r e f ezence  samples ( s e c t i o n  3.1) ( 5  a, 8 Yn, 14 

B R )  were s i e v e d  t o  ex- t rac t  t h e  < 6 2  pm s i z e  f r a c t i o n ,  T k i s  s i z e  

f r a c 5 . c n  was t z e a r e d  wi'h H C 1  and H2C,. Twenty-cwc unknokn 

s a m ~ i e s  were i nc luded  f o z  a n a l y s i s .  We suspeczed t h a t  5 of these 

were iil, 5 u e i e  E 5 ,  4 were Yn, and 8 weze of unknown o r i s i n ,  

These a  p r i o z i  quesses  were based upon in io rma : io~  about t h e  

q e c q r a p h i c a l  l c c a i i o n s  f r o m  which =he samples were c o l l e c k e d ,  a s  

well a s  upcn p r e l i m i r a r y  XES r e s u l t s  ob t a ined  zhrouqh p r e ~ i o u s  

a n a i y s i s  of  whole a s h e s  ( ( 6 2  pa). A11 samples were a n a l y  red  f ol: 

5 minutes  each with a Ag secondary t a r q e t .  

A number o f  HC1, il,0,-Lzea'ed ( < 6 2  pro) r e f e r e n c e  samcles  ( 1 6  

B E ,  5 E, 9 Y3) were t h e n  analyzed f o r  5 m i n u t e s  eack u s i n g  a  2 3  

secondazy t a r q e t .  Because we had no? yet analyzed samples o f  

o t k e r  noz=kuest  t e p h z a s  wizh a  Zn secondary t a z q e t ,  H C l ,  

NaOC1-treated ( ( 6 2  pm) samples of White E i v e r  ( W R )  and G l a c i e r  

P e a k  (GP) t e p h r a s  vere  axalyzed f o r  comparisor.  'n'e i nc luded  xke 

a n a l y s i s  of  2 1  urknouns. We quessed t h a t  4 wese M ,  4 were BE, 4 

were Pn and 8 were or' ucknown o z i q i c .  
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TABLE 6.4 

A-Coeff icients  Comparing ~ p h r a s  on a a s i s  of HC1, H 0 
2 2 

a 
3 e a t e d  < 6 2 p  Samples Analyzed wi th  a Zn Secondary Targe t  

l i b r a t i o n  was usel reduce between run v a r i a b i  

bnumber of  samples analyzed from each source 

li t y  

* 
element  i s  u s e f u l  f o r  d i s t i n g u i s h i n g  between t e p h r a  ? a i r  
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F I G U B E  6 . 2  

T w o  E x a a ~ l e s  o f  Spec tra  of  Bridqe River and 

?It. S t .  Heler-s Yn Analyzed b y  XES vit5 a 

Zinc S e c c n d a r y  Tar qe? 







Fig. 6.3 

I --- < 62 prnHCI, Hf12 treated 

K area/Compton - Rayleigh height ratio 

Fig. 6.4 
I 

--- < 62 p H C I ,  HZ02 treated 

- < 62 pmuntreoted 

I 1 
I I 

5 0  80 110 

Zr area / Compton height ratio 

- < 62 pmuntreoted 
5 

I - 4 

Mt. St. Helens 
Yn 

I Mazama 

i Bridge River 

.Bridge River 

Mt. St. Helens 
Yn 

K area/Compton- Rayleigh height ratio 



3) G L a c i e r  P e a k  a n d  W h i t e  River r e p b r a s  

I n  T a k l e  6 . 4  we skow t h a i  Yn car .  b e  d i s t i n g u i s h e d  f r c m  kc"?, 

GF a a d  W9 ~ i ' 5 e r  o n  = h e  b a s i s  o f  i t s  low K c o n c e n t z a t i o n ,  o r  cn 

t h e  k a s i s  o f  i t s  h i q h  C a / K  r a t i o .  C o n c e n t r a t i o r s  cf  T i  a n d ,  

p o s s i b l y ,  F e  a l s o  a l l o v  u s  t o  d i s t i n q u i s h  h e t w e e n  M a n d  GF. No 

o 'her  t e p b r a  ~ a i z s  a r e  d i s t i n q u i s h a b l e  o n  t h e  b a s i s  o f  t h e  m a j c r  

e l e m e n t  c h e m i s t r y  o f  H C i ,  HLC2 ( o r  NaOC1) - t r e a t e d  s a m p l e s  f r o m  

t h e  less t h a n  6 2  m i c r o n  s i z e  z a n q e .  He f o u n d  t h a t  GPB a n d  G F G  

w e r e  n o t  d i s ' i a q u i s h a b l e  o n  t h e  b a s i s  of t h e i r  majcr e l e m e n ?  

c h e m i s t r y ,  k u i  t h a t  GP 30 a n d  4 0 ' s  h a d  d i f f e r e f i t  c o ~ c e c t r a t i o n s  

o f  ~ c t a s s i u m .  T h i s  f u r t h e r  s u p p o r t s  t h e  e v i d e n c e  i n  C h a p t e r  5 

t h a t  GP30 a n d  GF40 b e l o n g  i n  d i f i e r e r t  c h e n i c a l  q r o u p s .  

S e p a r a t i o n  cf t h e  GP30 a n d  4 0  qroupz  now a l l o w s  u s  to d i s ' i n c u i s h  

b e t w e e n  GP30 a n d  WR. 

On t h e  b a s i s  of t h e i r  t r a c e  a n d  major e l e m e n t  c h e m i s i r y ,  t h e  

s a m ~ l e s  U-25, U-27, 0 -29 ,  a n d  U-48 r e s e m b l e d  t h e  L-23, L-24, a n d  

U-43 s a m p l e s  m e n t i o n e d  i n  C h a p t e r  5. A n a l y z i n g  t h e  s e p a r a ' e d  

q l a s r e s  o f  t h e s e  sam~les  d i d  noT c h a n q e  t h e  r e z u l ? s  aand we 

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

d i f f e r e c c e s  berween t h e s e  a n d  t h e  Pn s a m p l e s .  8 1 1  s u c h  s a m p l e s  

weze c o i l e c t e d  i~ s p o t s  w h e r e  Mt, S t .  H e l e a s  Y, F, o r  b o t h  W a n 3  



7 h  - e r z r a s  a r e  f o u c d ;  k e c a u s e  o f  ~ i e i r  Icw c o r . c e r r r a t i o r s  cf  K ,  

a i l  s a m p i e s  a r e  c e r : a i n l y  ;he z e s u l t  o f  o n e  o f  t h e  Y t .  ST. l i e l e n s  

s r u p i , i o r . s .  When c o m ~ a r f d  t o  :I-.. S t .  H e l e n s  Yn, t kese  s a n r p l e s  

a l m c s t  i c v a r i a b l y  h a d  h i q b e r  Z r  c o n c e n : r a t i o n s  a l d  l o w e r  Ca/K 

r a t i o s  t h a n  t h e  Yn s a m p l e s .  O t h e r  f e a t u z e s  wkicfi 5 e l p  

c h a z a c t e i i z e  t h i s  g r c u F  a n d  d i s i i ~ g u i s h  i t  f r o m  Yn ape: h i q h e r  

c o n c e n t r a $ i o n s  of a l k a l i  deme3ts, l o w e r  c o n c e n t r a t i o n s  o f  a l k a l i  

ear 'h  ~lemecrs ,  a n d  h i q h e r  c o n c e r t r a t i o n s  c f  Y a n d  Z r  ( T a t l e  

6 . 1 ) .  We h a d  o n l y  o n e  z e f e r e n c e  s a m p l e  o f  Mr. S t .  H e l e n s  Wr.; i t  

a l s o  h a d  h i q h e z  Zr c o n c e n " , a i i o c s  t h a n  t k e  Yn sampies,  W E  alsc 

h a d  c c e  r e f e s e n c e  s a m p l e  o f  M t .  S t  H e l e n s  Ys w h i c h  r e s e m b l e d  t k e  

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

6 . 5  I d e n t i f i c a t i o n  o f  T e p h r a s  U s i c q  U n t r e a t e d  S a m p l e s  Fzcm 

t h e  Less than 6 2  pm' S i z e  B a n q e  

A )  Trace E l e m e n t  A n a l y s i s  

B e c a u s e  t h e  Z r  c o n c e n t r a ' i o n  i n  M was e x r z e m e l y  d i f z e r e n '  

from t h a t  o f  t h e  o t h e r  i e p h r a s ,  a r d  b e c a u s e  the HC1 a o d  H,O, 

t r e a t m e n t s  h a v e  l i t t l e  e f f e c i  o n  Z r ,  we b e l i e v e d  tha", c c u l d  be 

i d e n t i f i e d  f ;y  s u k m i t t i a q  t h e  < 6 2  j m  s i z e  f r a c t i o n  o f  samples 

d i r e c t l y  f c r  a n a l y s i s  w i t h o u t  t h e  c h e m i c a l  pre-treat men:^. Re 

h a v e  d i s c o v e z e d  t h a t  m o s t  s a m p l e s  o f  t e p k x a  d i s c o v e r e d  i n  B . C .  

a r e  H a n d  we r e a l i z e d  t h a t  a g r e a t  d e a l  o f  time c o u l d  be  s a v e d  i f  

rhese c o u l d  b e  i d e n t i f i e d  w i z h o u t  t h e  c h e m i c a l  pse- trea~menzs .  



- .  I n  z k i s  e x ~ e z i n e n :  h e  ilrs: c h a r a c ~ e i i z e d  M u s i ~ q  10 

ur i t r ea" , ed  z e f e r e 3 c e  samples ( < 6 2  p a ) .  S i m i l a r l y  4 u n t z e a t ~ d  ES 

a s d  4 u ~ t r e a t e d  Y 2  s a m p l e s  ( ( 6 2  pm) were a z a l y z e d  f c r  c o m ~ a r i s o n .  

W E  v e r i z i e d  t h a :  c o n e  o f  :he BR c r  Yn samples c o u i d  b e  c o z f u s e d  

w i t h  t h e  fl s a m p l e s .  N e x t  we a n a l y z e d  39 u n t r e a ~ e d  ( (62  pm), 

u n k r c w n  s a m p l e s  k h i c h ,  cn t h e  b a s i s  o f  a ~ z i c z i  i o f o r m a : i c c ,  we 

b e l i e v e d  t o  b e  f l .  A i l  b u t  4 o f  t h e  33 s a m p l e s  h a d  Z r  

c o n c a t r a : i c n s  wh ich  were u n n i s t a k a k l y  :hose  o f  M. T h e  f c u r  

samFles h a d  Z r  c c n c e ~ : r a ~ i o n s  w h i c h  were s l i g h t l y  l o w e r  t h a n  t h e  

2 s i q m a  r a x q e  o f  Z r  c o n c e n t r a f i o n  d e f i ~ e d  b y  c t e  10  r e f e r ~ c c e  

s a m ~ l e s .  P r e v i o u s  ~ e s t s  ( s e c ~ i c n  6 .1 )  i z d i c a e e d ,  h o w e v e r ,  :has 

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

s u c h  s a m p l e s  c o u l d  b e  t r e a t e d  w i t h  f i C 1  a i id  HzOz a n d  t h e r  

i d e a t i f i e d  w i t h  a l m o s t  c e z t a i n V .  By  t r e a t i n q  t h e  4 s a m p l e s  we 

were a b l e  t c  v e r i f y  t h a z  t h e y  were Yazama. I n  = h e  f i r a l  a r a i y s i s  

a l l  4 3  u r t z e a t e d  samrles were u z e d  t o  c h a r a c r e r i z e  M. 

Mazama, E R ,  a n d  Yn t e p h r a s  a r e  c h a r a c t e r i z e d  i n  T a b i e  6 .5  

u s i r q  n n t r e a - , e d  ( ( 6 2  pm) s a m p l e s .  A - c o e f f i c i e n z s  c c m p a z i r q  :bese  

t e ~ h ~ a s  a p p e a r  i ~ !  T a C l e  6.6. B e s u l z s  i n d i c a t e  t h a t  a t  t h e  2  

s i q m a  r a n q e  o f  Zr c o n c e c t r a t i o n ,  fl caz b e  d i s t i r q u i s h e d  f r c m  b o t h  

B6 a n d  Yn u z i n q  c n t z e a i e d  s a m p l e s  f r o m  ~ 3 e  ( 6 2  pm s i z e  r a a q e .  

Mazama c a n  a l s o  he d i s t i n q u i s h e d  a f  t5e  3 siqma r a n q e .  I n  f i q u z e  

6 . 4  we p l o t  t h e  two  s i q m a  z a n q e s  f o r  :he 3 B.C.  e e r h r a s  r_c show 

x h a t  M cac te i d e n ~ i f i e d  u s i n q  s i z h e r  r r e a t e d  o z  u n t z e a t e d  
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s a r n ~ l e  s. T h e  H C L  sad H z O z i r e a t m e n z s  d o  no: s i q r i f  i c a n t l  y c k a n q e  

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

Mazana o n  t h e  b a s i s  c f  Z r .  

B )  M a j o r  E l e m e n t  B n l y s i s  

We a s s u m e d  i n  s e c t i o n  5.5 t h a t  t h e  H C 1 ,  HXOt t r e a t m e n t s  

w c u l d  b e  n e c e s s a r y  i f  K were u s e d  a s  a d i a q a o s t i c  e l e m e n t  fo r  

d i s t i n q u i s h i n q  i f t w e e n  Yn a c d  BR. N e v e r t h e l e s s ,  we a n a l y z e d  5 

u n t r e a t e d  s a a ~ l e s  frcm e a c h  o f  BR a n d  Yn. T h e  r e s u l t s  i n  f i g u r e  

6 .5 ,  t h o u q k  p r e l i n i n a r y ,  show t h a t  e v e r  w i t h o u t  t h e  H C I  a ~ d  H t C t  

t r e a t m e n t s ,  we a a y  s t i l l  ke  ? b l e  t o  d i s ~ i n q u i s h  b e t v e e n  B E  a n d  Yn 

u s i n g  c o n c e n t r a t i c n s  o f  K .  

6.3 C c m p a r i s o n  t c  C t h e r  Work i n  t h e  L i t e r a t u r e ,  a n d  

C o n c i u s i o n s  

When we c o m p a r e  t h e  m a j o r  e i e m e n t  c h e m i s s i y  o f  ;he 6 t e s t  

s a n ~ i e r  ( T a b l e  C.1) t o  t h e  m i c r o p r o b e  d a t a  o f  V e s t q a t e  ( T a b l e  

D. 1 )  , we f i n d  t h a t  t h e  a v e r a q e  c o m p o s i t i o n  o f  o u r  samples 

c c n f o r m s  i e a s o n a k l y  well v i z h  r e s u l r s  i n  t h e  l i t e r a t u r e .  T h i s  

m e a n s  t h a t  o u r  m o d i f i e d  t z e a z m e c t s  L a v e  p r o d u c e d  b u l k  s a m ~ l e s  o f  

q lass  w h i c h  a r e  r e m a r k a k l y  p u r e .  



- .  !Ji?n u n t z e a - c e d  s a m ~ l e s  fzom t h e  z i s e  q r a i z e d  size ranqe G O  

e l e m e n t s  b u t  Z r  a n d  K w i l l  a l lcw u s  T O  d i s - i n q u i s h  he-ween $he 3 

B.C. t e p h r a s .  N e v e r t h e : e s s ,  i n  A p r e z d i x  D we h a v e  a p p l i e d  o u r  

A - c c e f f i c i e r t s  r c  some o f  t h a  m i c r c p ~ o b e  r e s u i = s  a p r e a r i s q  wi-?- - -, i L 

t h e  l i t e r a t u z e  ( ' f a b l e s  C.4, D.5). We show i > a i ,  a t  the :wo s i q m a  

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

between BB a n d  E .  With  o u r  m e t h o d s ,  o n  t h e  o t h e r  h a n d ,  we c a r  

d i s t i n q u i s h  b e t a e e n  Yn, B R  a n d  ?I w i t h  a h i q h  d e g r e e  o f  

r e l i a b i l i t y  a n 2  a minimum o f  e f f o r t .  

S i n c e  cce  o f  ;he  m a i n  q o a l s  o f  o u r  wozk was t o  p r o v i d e  l o c a l  

a r c h a e o l o q i s  ts w i t h  a  r o u t i n e ,  r a p i d ,  r e l i a b i e ,  a n d  i n e x p ~ n s i v e  

m e t h o d  f o r  i d e n t _ i f y i n q  te ~ n z a s  d i s c o v e r e d  i n  i o c a l  d e p o s i t s ,  ii 

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

r e s u l t s  a r e  l i k e l y  t o  b e .  T h e  f o l l o w i ~ l q  d i s c u s s i o n  s h o u l d  

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

f l e x i b i l i t y .  

I 12 o u r  work we f i n d  t h a t  t h e  c h e m i c a l  c o m ~ o s i t i o n  o f  zhe 

q l a s s  d o e s  n o t  d e p e r d  q z e a t l y  c n  depositional e n v i r c n m e n t .  Be 

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

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

I n  o r d e r  t o  i d e c t i f y  t h e  B.C. ~ e p h r a  s a m p l e s  we m u s t  know two  

t h i n q s  a b o u t  t h e  s a m p l e s :  1) t h e y  mus t  b e  fzom S. c e n e r a l  3.C.; 



a n d  2 )  t h e y  musr  b e  f r o m  H o l o c e n e  e r u p r i o c s .  with I - c o e f  f i c i e n - . ~  

we c a n  t h e c  u s e  c o ~ c e o r = a : i o n s  cf K a z d  Zr t o  i d e n t i f y  s a n p l e s  

f r o m  a r y  o f  t h e  3 B.C. t ephza  s o u z c e s  wi-h qzea :er  t h a n  3 5 %  

c e r t a i n t y ,  I f  l e s s  t hac  20 s a m p l e s  a r e  u s e d  t o  c t a r a c - , e r i z e  a  

s o u r c e  ( a s  was t h e  case f o x  Yn) ~ h i z  p r o b a b i l i 5 y  d r c p s  L O  t h a t  

d e f i n e d  b y  t h e  S t u d e n t ' s  t d i s t r i b u t i o n :  80-90% (n  = 2 t o  51, 30 

t o  93% (n = 5 t o  l o ) ,  9 3  t o  35% (c = 10 9 2 0 )  s a m p l e s .  

A )  I m ~ r o v i n a  R e l i a b i l i t y  of R e s u l t s  w i t h  A d d i r i o c a l  

T r e a t m e n t s  - V a l u e  c f  C o m p a r i z q  S a m p l e s  

E l e m e ~ t  by E l e m e n t  

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

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

c e p h r a  d e p o s i t s .  P e r h a ~ s  o n e  o f  k 5 e  b e s r  m e t h o d s  f o r  c o m h i r i i n q  

s u c h  p r o k a k i l i t i e s  w o u l d  ke o f f e r e d  t h r o u q h  B a y e s i a n  s t a t i s t i c s  

( c f .  L a V a l l e  1 9 7 0 ;  P k i l l i p s  1 3 7 4 ;  Z i n ~ l e r  1 3 7 2 ) .  T h e  t o t a l  

p r o k a b i l i t y  o f  c c r r e c t  i d e n t i f i c a ' i o n  is i n c r e a s e d  b y  e a c h  

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

' One t - h e r e b y  i n c r e a s e s  t k e  p o s s i b i l i t y  or^ c o r r e c :  i d e n = i f i c a - c i o n  
i 

by,  f o r  e x a m p l e ,  t r e a t i n q  H w i t h  HC1 a n d  HzO, s o  t h a t  Y b e c o m e s  

d i a q n o s : i c ,  oz k y  s u p p l e m e n t i n g  XES w i t h  a l p h a  c o u n t i n q  sc t h a t  U 

a c d  Th c a n  b e  u s e d  t o  d l s t i n q u i s h  b e t w e e n  E R  a n d  Yr. 

I n  o u r  work ,  b y  a n a l y z i n g  less t h a n  p u z e  s a m p l e s ,  we h a v e  

a c c e p t e d  the f a c t  t h a t  some e l e m e n t s  w i l l  b e  v i r t u a l l y  u s e l e s s  

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



e l e m e n ?  f o x  i d e s i i f y i r q  I w i t h  l e s s  t h a n  F u z e  s a m p l e s .  0 - h e z  

e l e m e c t s ,  t Zough u n r e l i a b l e  f o r  i d e n t i f i c a t i o s  F o r F o s e s ,  a z e  

s t i l i  e x ' r e m e l y  u s e f u l  f o r  o t h e r  p u r p o s e s .  B i q k  c o n c e n ? r a t i o n  o f  

e l e m e n t s  s u c h a a s  Ca, S r ,  F e ,  a n d  T i  i m m e d i a t e l y  s i q n a l  r i a ?  h i q S  

l e v e l s  o f  c c a = a z i r a + i c n  a r e  p r e s e n t  ir! t h e  sample. For e x a a i ~ l e ,  

amonq t h e  3 3  u n t r e a t e d  s a m p l e s  o f  H a s h ,  1 7 / 3 3  samples h a d  Ca 

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

r a n q c  d e f i n e d  b y  t h e  10 r e f e r e n c e  s a m p i e s  f o r  t h i s  s o u i c e ;  3 / 3 3  

s a m p l e s  h a d  T i  c o n c e n t r a t i o n s  w h i c h  were a l s o  t o o  h i q h :  a n d  7 / 3 3  

h a d  C p / R  r a t i o s  w h i c h  were t o o  low.  A p p r c x i m a t e L y  1 / 2 0  o r ,  i n  

o u z  case, 1 o r  2 s a m ~ i e s  would  b e  e x p e c ~ e d  t o  f a i l  o u t s i d e  t h e  

& .  L k ~  z i q m a  r a n q e  d u e  t o  s t a t i s t i c a l  f i u c t u a z i o n s  i n  t h e  d a t a .  

T h e r e f o r e ,  we kncw t h a t  mos t  o f  t h e  a n o m a l i e s  a r e  p r o b a b l y  :he 

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

i n  t h e  s a m ~ l e s .  I n  s p i t e  o f  t h e  h i q h  i e v e l s  o f  c o n t a m i n a t i o n  i~ 

t h i s  many s a m ~ i e z ,  r e l a t i v e l y  few o f  t h e  Zi c o n c e n t r a i i o n s  w e r e  

a b n o r m a l  (4/39 a s  d i s c u s s e d  e a r l i e r ) .  T h i s  i s  2 o r  3 m o r e  t h a n  

t h a t  e x p e c t e d  b y  s t a t i s t i c a l  f i u c t u a t i o n  a l o n e ,  b u t  i n  a l l  4 

cases, t h e  c c c c e n t r a t i o n s  o f  o t h e r  elemezts i n d i c a t e d  t h a t  l a i q e  

a m c u n t s  o f  c o n t a m i n a t i o n  were p r e s e n t .  The  Z r  c o r . c e n i r a t i o r , s  o f  

t h e s e  samples f e l l  w i t h i n  t h e  3 s i q m a  r a n q e  o f  Zz c o n c e n t r a t i o n  

f o r  M and d i d  r o t  f a l l  wi 'hin t h e  3 s i g m a  r a r q e s  o f  Z r  

c o n c e n  t r a t  i c n  f c r  'he o t h e r  B . C .  T h e r e  was l i t t l e  d c u b z  

t h a t  t h e s e  s a m ~ i e s  were M .  A s  d i s c u s s e d ,  o u r  q e n e r a l  p r o c e d u r e  

was t o  t r e a t  s u c h  s a m p l ~ s  w i t h  t h e  H C 1  a n d  p e r o x i d e  z e a q e n t s  t c  

v e r i f y  t h a t  the c o n c e n t z a t i o n s  o f  a l l  elemects i n  t h e  t r e a t e d  



s a m ~ l e s  f e l l  w i t h i n  t he  t u o  siqrna r a z q e s  defined. f c r  3 on t h e  

b a s i s  of 'he reiezence samples, b u t  b y  zhen izclui i izq t h e  r e s u i t s  

of t h e  un'reated contaminated samples i n  t h e  f i n a l  c a l c u i a ~ i c n s  

u s ~ d  t o  c h a t a c t ~ r i z e  each source,  we h o ~ e d  ? h a t ,  i r  t i e  f u t u r e ,  

most contaminated samples could s t i l l  b e  i d a t i f  i e d  without t h e  

chemical t r ea tmen t s .  

Althouqh approximately 18/20 samples can be i d e n t i f i e d  usinq 

only those i r e a t m e r t s  ou t l ined  above, t h e r e  i s  20 reasoa why 

samples which kave undergone a d d i t i c o a l  t rea imenis  cannoz s t i l l  

be idenz i f  i e d  a lcaq  u i t h  untreated samples ( co rcen iza t ions  i n  

t r e a t e d  s a n ~ l e s  f a l l  w i t h i 2  fhe  ranqes of c o c c e z t r a 5 o c  of a l l  

elements def ined  f o r  each source) .  Extremely coctaminated 

sa5p les  a r e  qenera l ly  easy t o  spot  p r i o r  t o  a z a l y n i s ,  O i  

fcl lowinq a n a l y s i s  i f  c o a c e ~ ~ r a 5 o n s  of a l l  elements aze scanned. 

W E  have shown t h a t ,  i n  most cases ,  a d d i t i o z a l  t rea tments  w i l i  n o t  

b e  required,  h u t  we 'nave not e l iminated t h e  opt ion  o f  u s i n q  

addi'ional tzeatmencs t o  a i d  idsnzi • ’ ica t i .cn  i c  d i f f i c u l t  cases .  

B )  U s i n q  Additional Infozmat,icn t o  Improve R e l i a b i l i t y  c f  

I d e n t i f i c a t i o n s  

We b e l i e v e  t h a t  we a t e  ac'ually a b l e  z c  i d e n t i f y  t epkras  
1 

with much k ~ t t e r  thax 3 5 %  c e z t a i n t y ,  ever without a d d i t i o r a l  

sample t r ~ a i m e n t s .  T h i s  i s  Decause we 'nave seccrded p r ioz  

in f  crma'ion about each of our samples. It i s  n o t  ouz aim t o  



p r o v i d e  e x a c t  ~ r c k a b i l i ~ i e s  o r  t o  d e l v e  h e a v i i y  i n x o  a  b r a z c h  o f  

s t a t i s t i c s  ( B a y e s i a n  s ? a s i z : i c s )  v h i c h  a l l c w s  o c e  70 u s e  

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

c a l c u l a t e d  c r e d i h i i i ~ y  o f  o r i e l s  r e s u l r s .  T h e z e  a r e  3 n u m k e r  o f  

e x c e l l e n r .  t e x t s  c o v e r i n q  t h i s  z o p i c  (see a b c v e  z e f  e rezces)  , Cae 

u s e  c f  t h e  E a y e s i a n  ~ e t h o d s  i s  q u i t e  s i m p l e .  P r i o r  t o  a n a l y s i s ,  

we k n e w  w i t h  a r e l a t i v e l y  h i q h  d e q z e e  o f  c e r t a i c t y  70  w h i c h  

s o u r c e  e a c h  of cur  s a m p l e s  b e l o n q e d .  F o r  e x a m p l e ,  ue c a n  g u e s s  

t h a t  a s a m ~ l e  s e c t  f r o m  E.C, i s  l i k e l y  t o  b e  e i t h e r  M ,  B R  o z  Yn, 

1 a n d  n o t  GP o r  MR. I f  i t  is c o l l e c ~ e d  i n  t h e  O k a n a q a c  r e q i o r  c f  

B . C .  a n d  i s  fzcm the u p p e r  l a y e r  i n  a  d e p c s i :  c c n ' a i n i n q  two a s h  

l a y e r s ,  i? i s  l i k e l y  t o  b e  Y 3 .  I f  it i s  c a i l e c C e C i  n e a z  L i l i c o e t ,  

i t  i s  l i k e l y  t o  b e  B B  b u t  c o u l d  b e  N ,  a n d  is p z o b a k l y  no: Yn, I f  

i t  i s  c o a x z e  q r a i n e d  i t  i s  almost c e r t a i n l y  B R .  I n  r h e  l a h  he 

c a n  i m p = o v e  o u r  q u e s s e s  d e ~ e n a i n q  on s u c h  c r i t e c i a  a s  q r a i n  size, 

c o l o r ,  r e l a t i v e  a b u n d a ~ c e s  o f  m i n e z a l s ,  e t c .  With e x p e r i e n c e  we 

b e c a m e  e x t r e m e l y  g o o d  a t  'he a p r i o z i  i d e n t i f i c a t i c n  o f  s a m p l e s ,  

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

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

p a z t i c u l a r  s o u i c e .  Not c n l y  d o  we f e e l  t h a t  t h e  u s e  o f  a p r i o r i  

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

b u t  we a l s o  f o u r d  t h a t  t h i s  s k i i l ,  d e v e l o p e d  with e x p e r i e n c e ,  

e n a b l e d  u s  t c  s i a p i i f y  i d e n t i l i c a t i o n  p r o c e d u r e s .  E e c a u s ~  H c a n  

b e  i d e n t i f i e d  w i ~ h o u t  c h e m i c a l  t r e a t m e n z s ,  i t  1 s  w c ~ ~ h w h i l e  

a n a l y z i n q  u n t r e a t e d  ( ( 6 2  pm) s a m p l e s  t o  i s o l a t e  f i r s t  N a z a a a .  

Ncn-Eazama s a m p l e s  c c u l d  t h e n  b e  c h e m i c a l l y  t r e a t e d  a n d  



r e - a i i a l y z e d  x i t b  a Zr s e c c n d a z y  t a r q e t  70 i d e c t i f y  5 R  a n d  Yn. Ir, 

o u x  work we s i f f i p ly  u s e d  o n z  a p z i o z i  i n f c r m a ' i c n  t o  p z e t r e a t  a l l  

samples a c c c r d i z q  t o  w h e t h e s  o r  c o s  we i c i ~ i a l l y  b e l i e v e d  kken  t o  

be M. T5e " M I 1  s a m p l e s  n e r e  s u b m i t t e d  d i r e c ' t l y  f o r  a n a l y s i s  a n d  

t h e  llncn-H1l s a m ~ l e s  were p z e ? r e a ? e d  w i r h  H C l  a n d  HLC, p r i c r  ~c 

a n a l y s i s .  A 1 1  s a m p l e s ,  w h e t h e r  H, B R ,  o r  Yn, c o u l d  t h e r e f o r e  b e  

a n a i y z e d  w i t h i n  t h e  s a m e  XES s e s s i o n  a n d  a d d i t i o n a l  t ime s p e n t  

s e t t i n q  u p  t h e  XES e q u i p m e n t  a r d  r e f i t t i n s  SAMPO parame7er.s c o u l d  

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

c o r r e c t  a n d  a  q c e a t  d e a l  cf  t ime was  s a v e d .  O f  course, i f  a  

p a r t i c u l a r  r e s e a r c h e r  i s  n o t  q o o d  a r  r S e  a  p r i o i i  i d e n t i f i c a y i o 3  

of  s a m p l e s ,  time c a n  b e  l o s t  b y  u n n e c e s s a r i l y  t r e a ~ i n q  M s a m p l e s ,  

o r  b y  h a v i ~ q  t o  p r e t r e a t  a n d  r e - a n a l y z e  samples f r c m  o z h e r  

s o u i c e s .  E a c h  i ~ s e a r c h e r  must e v a l u a t e  t h e  u t i l i t y  o f  h i s  rnerhcd 

f o r  h i s  p a r t i c u l a r  c i z c u m s i a n c e s .  I f  a more  e x a c t  i n d i c a t i o n  o f  

t h e  r e l i a b i l i t y  of o u r  i d e n t i f i c a t i o n s  i s  r e q u i r e d ,  we c a n  use 

B a y e s i a n  s t a t i s + i c s  to c a l c u l a t e  such f l q u z e s .  Io a n y  caEe, we 

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

9 5 %  c e r t a i n .  



C h a p t e r  7 

S U E B A R Y  A N C  A R C H A Z S L O G I C A L  A P P L I C A T I O N :  

Moss ~ a s t  m e t h o d s  f o r  i d e n t i f y i n g  t e ~ h r a s  w i t h  a  h i q h  d e q r e e  

o f  r e l i a b i l i 5 y  h a v e  r e q u i r e d  t e d i o u s  a m o u n t s  o f  sample 

p r e p a r a t i o n  o r  l o n q  a n a l y s i s  times. The r e s u l z s  p r e s e n z e d  i.2 

t h i s  wc ik  h a v e  shown t h a t ,  i f  t h e  p r o b i e m  i s  t o  i d e n t i f y  

r o u t i n e l y  s a m p l e s  f r o t c  a  l i m i t e d  number  o f  well kncwn t eph ra  

s o u r c e s ,  ' h e  t e c h c i q u e s  c f  t e p b r a  i d e n t i f i c a t i o n  c a n  be q r e a z l y  

s i m ~ l i f i ~ d .  Bot5 XES a c d  a l p h a - c o u n t i n q  a r e  s i m p l e  i ~ s t r u m e n t a l  

t e c h n i q u e s  t h a t  c a n  k e  u s e d  t o  i d e n t i f y  s a m p l e s  of E.C.  t e p n r a s  

w i t h  h i q n  d e q i e e n  of r e l i a b i l i t y  a n d  a  minimum o f  e f f o r z ,  One 

(xEs) o f f e r s  r a p i d  l a b o r a t o r y  a n l a y s i s ;  t h e  o t 3 e r  

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

i d e n t i f y i n q  t e ~ h r a s  i n  t h e  f i e l d .  

Ey e x t e n s i v e l y  s t u d y i n q  t h e  e f f e c t s  o f  s a m p l e  ~ r e p a z a l i c n  o c  

c c m i ; c s i t i o c ; ,  we d i s c o v e r e d  t h a t  t h e  < 6 2  pn s i ze  f r a c t i o n  c;f 

s i e v e d  a s h e s  i s  m o s t l y  q l a s s  a n d  c a n  b e  u s e d  t o  i d e n t i f y  t h e  E . C .  

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

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

s i m p l i f i e d  t h e  XES m e t h o d  f o r  i d e a z i f y i n q  t e p h z a s  b y  a n a l y z i n q  

l o c s e  p o w d e r s  i ~ s t e a d  o f  p r e s s e d  pe l l e=s ,  and by u s i n q  r e l a t i v e  

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



t e p h r a s ,  use o f  -,he I - c o e f f i c i e n ~ s  p r o v i d e s  u s  w i r h  a s i r p l e  

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

we k a v e  c o n c e n t r a t e d  02  d e v e l o p i n q  r o u t i ? , e  me-hods  •’0- 

i d e r i - i f y i c q  s a m ~ l e s  o f  well k r c w n  ' e p h z a s  i n  B . C . ,  results on 

s e p a r a t e d  q l a s s  s a m p l e s  h a v e  i r d i c a t e d  - h a t  a l p h a - c o u c : i ~ q ,  XES 

o= N A A  a n a l y s i s  of t h e  q l a s s  s e p a r a t e s  make t h e  a c a l y s i a  o f  a 

w i d e  r a r ~ q e  o f  elemer-7s p o s s i b l e  acd c a n  b e  v e z y  u s e f u l  f o r  

c h a r a c t e r i z i ~ q  ~ e p k r a s  i r !  1 .1 r .hom r e q i o c s .  

o r l y  7 o f  o u r  s a m p l e s  were d i z e c t l y  a r c h a e o l o q i c a l .  T h e  

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

l i s t e d  i n  t a b l e s  7 ,  1 ar.d 7,2, T h e  i o c a t i o n s  from w h i c h  i k e  

a r c h a e o l o q i c a l  s a m p l e s  were c o l l e c t e d  aze  r e v e a l e d  i n  A p p ~ n d i x  A ,  

w h i l ~  d e s c r i p f i c r ~ s  o f  t h e  a r c h a e o l o q i c a l  s i tes Gear ( o r  i n )  w h i c h  

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

s u m m a r y  w i i l  b e  q i v e c  h e r e .  

P e r h a p s  t h e  mos; i n t e ~ e s t i n q  o f  t h e  s a m p l e s  a c a l y z e d  were 

t h e  EeQw48-10 a c d  EeQw48-3 s a m p l e s  c o l l e c t e d  from a s p o t  a d j a c e n t  

zo  t h e  G o r e  C r e e k  S i t e  ( E e Q v 4 8 )  n e a z  K a m l c o ~ s ,  B. C. Human 

s k e l e t a l  z e m a i z z  were d i s c o v e r e d  , 5  to 1 meter b e l o w  che k o t t o m  

a s h  l a y e r  i r  a d e p o s i t  c c n t a i z i n q  t w o  a s k  l a y e r s  (cf. E l m c r e  e t .  

a l .  1 3 7 3 ) .  We identified :he b o y t o m  l a y e r  a s  Mazama a s h  arid - 5 e  

t o p  l a y e r  as M%,  ST. Helezs YI?. A p p r o x i m a t e l y  2 meyers o f  
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sed imen :  h a d  a c c u n u l a ' e d  k c t w e e n  t h e  t o p  a n d  b o - z o a  a s h  i a v e z s .  

3 y  c a l c n l a ~ i n q  tEs a v e r a q e  r a t e  cf d e p c s i t i c z  f o r  = h e  s i c e ,  we 

e s t i ~ a ~ e d  t h a t  y C e  s k e l e t a l  r e m a i n s  a r e  a b o u t  8 , 4 0 0  r a d i o c a r t o 3  

y e a r n  o l d .  T h i s  s i z e  i s ,  t h e r e f o r e ,  o c e  cf t h e  e a z l i e s t  

e v i d e ~ i c e s  f o r  ffian i n  B.C.  A i a d i o c a z b o n  a q e  o f  8 , 2 5 0  1: 1 1 5  

y . b . ~ .  (S1737)  o k i a i n e d  o n  t h e  b o n e  i n d i c a t e s  t h a ?  c u r  

~ ~ ~ h z o c h r o n o l o q i c a l  a q e  e s t i m a c e  i s  r e a s o n a k l y  a c c u r a t e .  

At t h e  M o u l t o n  C r .  S i t e  (EdQxS)  n e a r  C h a s e ,  B . C . ,  a v c l c a o i c  

a s h  l a y e r  s e p a r a t e d  t w o  c u l t u r a l  c o m p o r e n + s  ( E l d r i d q e  1 3 7 4 ) .  

E l d r i d q e  q u ~ s s e d  t h a t  t h ~  a s h  was ML;. S t .  Helers Y E  (3,40C 

y.b. F.) , a n d  o u r  a n a l y s i s  c o c l i z m e d  h i s  h y p o t h e s i s .  The  

l l a b o v e - a s b n  c c m ~ c n e n t  was  i d e 3 t i f i e d  a s  a n  e a i i y  K a ~ l o o p s  p h a s e ,  

w h i l e  ;he l q h e l o w - a s h l q  c c m F o n e n t  h a s  some r e s e m b l a n c e  t o  t h e  C i d  

C o r d i l l e z a n  T r a d i t i o n .  

G e o l o q i c a l  s a m p l e s  v e r e  c o l l e c t e d  fmom a  r o a d  C U T  a  f ew  

h u n d r e d  meters f r o m  t h e  B e l l  S i t e  ( E e R k 4 )  ol: f ( e t t 1 s  E z o o k  Cr. 

nea r  L i l l o c e t ,  B.C. ( S t z y d  1371;  1980:  p e z s .  comm.) . T h i s  s a m ~ l e  

was i d e n t i f i e d  a s  Mazama a s h .  A n o t h e r  s i 5 e  (EeRk5)  was 

d i s c o v e r e d  i n  t h e  i i n m e d i a t e  v i c i n i z y  o f  t h e  EeRk4 s a m p i i ~ a  

l o c a t i o n .  One meter a b c v e  t h e  a s h  ai-, EeEik5 ' w a s  a p a l e o s o l  

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

c o m F c n e n t  a t  t h e  S e l l  S i t e  i s  o f  t h e  N e o i k e p  ~ r a d i t i c n  a n d  

a p p e a r s  a b o v e  t h e  p a l e o s c l  h o r i z o n  d e s c r i b e d  a =  EeRkS. T h e  

c u l t u r a l  m a t e r i a l  a t  EeRk4 m u s t ,  t h e r e f o r e ,  b e  c o n s i d e r a b l y  

y o u n q e r  t h a n  6 , 5 0 0  y.b. F, 



T h e  z e m a i n i ~ q  a r c h a e c l o a i c a l  s a q p l e s  were fout3 ic, c r  n e a r ,  

s i t e s  w h i c h  were e x a m i n e d  d u r i x q  a  1 3 7 3  s u z v e y  ( k i e s i t a q e  

C o n s e r v a 5 c ~  E r a r c h  o f  E.C.) c o x d u c t , e d  i n  ~ k e  v i c i r t i t y  0 5  

K a m l c o p s ,  E, C.  ( 2 .  C h i s o i m  1380 :  pers .  comm.) . Two s a a p l e s  

c o l i e c t e d  n e a r  EeRa6-3  were i d e c t i f i e d  a s  Mt. St. H e l e n s  Yn, Two 

f l a k e s  a n d  a  c o r e  were d i s c o v e z e d  1 / 2  m a b o v e  t h e  a s h  i c  a 

s - z a t i f i e d  s i t e .  T h e  s a n i r l e  f r o m  a c u z  b a a k  n e a r  EeRa4 was a l s o  

i d e n t i f i e d  a s  M t .  S t .  H e l e n s  Yn. The site a t  EeXa4 was h e a v i l y  

d i s t u z b e d  wit3 a  smal l  s u r f a c e  s c a r z e r  o f  f l a k e s .  T h e  e x a c ;  

r e l a t i o r s h i ~  k e y w e e r  a s h  a n d  f l a k i 3 q  d e ~ r i s  was u n c l e a r ,  At 

E e R k S ,  f l a ~ e s  weze  s c a ~ t e z e d  a ?  a  b e l o w  a s h  l e v e l  i~ a ~ i z d - k l c w c  

d e ~ i e s s i o n .  Ash i d e n t i f i e d  a s  Mazama was c o l l e c t e d  f r o a  a cu:  

a d j a c e n t  t o  the  s i t e  but :he e x a c t  1 e l a ~ i o n s h i ~  b e 9 e e n  t h e  a s h  

a n d  flakinq d e b r i s  i s  n o t  u n d e r s z o o d .  None of  theze s i i e s  f r c m  

t h e  1373  s u r v e y  h a v e  b e e n  s t u d i e d  i n  d e r a i l .  We a r e  h o p i c q ,  

h o w e v e r ,  r h a z  i h e  p r i o r  i d e n r i f  i c a t i o n  o f  t e p h z a  samples w i l l  n o t  

o n l y  f a c i l i t a t e  f u t u r e  i 3 " e r p r e r a t i o n  oZ s i t e  s : r a t i q r a p n y ,  k u z  

w i l l  a l s c  ~ 1 0 v i . d ~  r e q i o n a l  a r c h a e o l o q i s t s  w i t h  a m e a c s  o f  mak inq  

i n t e r - s i t e  c o m p a r i s o n s  c f  c u l t  u z a l  n a ' e r i a l s .  
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A p p e n d i x  B 

HETHODS OF SAMPLE P R E P A S A T I O N  

I n  t r a c e  e l e m e c t  a L a l y s i s  i: i s  e s s e n t i a l  : h a t  a l l  q l a s s ~ a r e  

a n d  a p p a r a t u s  b e  k e p t  s c r u p u l o u s l y  c l e a n  b e t w e e n  t r e a t m e n t s .  3 c s z  

o f  t h e  g l a s s w a r e  o f  i h i s  s t u d y  was w a s h e d  i2 r e a q e n t  q r a d e  N i z r i c  

a c i d  b e f o r e  k e i n q  u s e d .  B e a q e n ?  q r a d e  c h e m i c a l s  w e r e  a i w a y s  

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

w i t h  h i q h  Z t r a c e  e l e m e n t s  b y  u s i n q  q r i n d e r s  a n d  s i e v e s  w h i c h  

were c o m p o s e d  c f  l o w  Z ~ a t e r i a l s .  B y  a r i a l y z i x i q  q r o u n d  s a m p i e s  a s  

wel l  a s  t h e  q r i n d e r  m a t e r i a l s ,  we d e ~ e r m i n e d  t h a t  no  s i q ~ l i f i c a s t  

t r a c e  e i e m e r t  c c n t a m i ~ a t i o n  was p i c k e d  u p  f r o m  t h e  q r i n d e r s .  

Method 1: G r i n d i n q  a n d  S i e v i n q  

Where  p o s s i b l e ,  we s i e v e d  l a rqe  s a m p l e s  t o  r e d u c e  t h e  

r e l a t i v e  p z c p c r t i c n  of c ~ o s s - c o n t a m i ~ a t i o ~ !  ( b e t w e e n  samples)  t h a t  

c o u l d  be p i c k e d  u p  b y  a n y  o n e  sample d u r i n g  s i e v i r i q .  TJe csed  

i u c i t e  s i e v e s  (5.5 cm. d i a .  5 cm. h i q h )  w i t h  d i s p o s a b l e  n y l o n  

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

F i n e  G r a i n e d  S a m p l e s :  w i t h  t w e e z e r s  we p i c k e d  o u t  t h e  l a i q e  

c c n t a m i n a n t r  ( r c o t s ,  s t c n e s ,  etc.) . A h a n d  rnaqrie-, ( w r a p p e d  i n  

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

m i n e r a l s  f i e ,  m a m e t i t e s ,  i l m e n i t e s )  ) . Sje t h e n  s i e v e d  t h e  s a r o ~ l e s  



f c r  r o u q h l y  1 / 2  h r .  e a c h  t o  i s o l a t e  t h e  62-2 10 pm ar.d t h e  ( 6 2  ps 

s i z e  r a z q e s .  F c u r  s a m p i e s  were s i e v e d  a t  a  t i n e  u s i n q  a 

c e n c o - H e i n z e r  m e c h a n i c a l  s i e v e  s h a k e r .  G r e a t e r  t h a n  50% $0 6 0 %  

o f  a  t y p i c a l  s a m ~ l e  ky weiqh', was l e s s  s h a n  6 2  w h i l e  r c u q h l y  

4091 was i r ,  the 62-21C pn! s i z e  r a n q e .  

Pumice  S a m r l e s :  We f i r s t  u s e d  a s t a n d a r d  ( 2 1  cm d i a . )  b r a s s  

s i e v e  t o  r e m o v e  t h e  l e s s  % a n  1 . 4  m m  s i z e  f r a c t i o n  c o ~ t a i n i r q  

s o i l s  a ~ l d  o t h e r  non- pumice  d e b r i s .  The  l a r g e r  pumice  f z a q m e n t s  

were then q r o u n d  i n  a  F i s h e r  r o l l e r  m i l l  u s i n q  a  1.1 l i t r e  

3uiundum R c a l o x  p o z c e l a l ;  ja= m i l l  w i t h  p c i c e l a i n  d i s k s .  The j a r  

was c a r e f u l l y  washed  o u t  w i t h  a i c o h o l  b e t w e e n  s a m p l e s .  We q i c u ~ d  

t h e  r u m i c e  s i z e d  f r a q m e n t s  f o x  10 m i n u t e s  t h e n  s i e v e d  t h e  s a n ~ l e  

u s i n q  l u c i t e  sieves t o  s e p a r a t e  o u t  t h e  (210 pm s i z e  f r a c t i o n .  

A s  we w i s h e d  t o  c o n c e n t z a t e  the q l a s s  i n  t h e  ( 6 2  p a  s l z e  r a n q e ,  

we were a b l e  t o  a v o i d  p u l v e z i z i n q  c r y s t a i l i n e  m i n e r a l s  ? o  less  

t h a z  6 2  pm b y  k e e p i c q  o u r  q r i n d i n q  times t o  i e s s  r h a n  1 0  m i n u t e s .  

Pumice  i n  x h e  >210  pm s i z e  r a n q e  was z e - s u b i n i t t e d  f o r  a d d i t i o o a l  

10 m i n u t e  p e r i o d s  o f  g r i n d i r q .  The less tkac 210 micro2 size 

f r a c t i o n  o n  t h e  c t h e r  h a n d ,  was p r e - t r e a t e d  a n d  s i e v e d  i n  a 

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

s a m p l e = .  



Method  2 :  HCL a n d  EIO, T z e a t m o n t s  

Up t o  e i q h ~  s i e v e d  s a m p l e s  a t  a time were c h e m i c a l l y  t r e a t e d  

f o r  ~ e m o v a i  o l  s o l u b l e  con tan in an;^. E a c h  s a m p l e  was p l a c e d  iz a 

s t a n d a r d  4 0  a 2  c e c t r i f u q e  t u b e .  HC1 ( 2 0 % )  was ~ o u i e d  i n z c  -,3e 

t u b e s  so t h a t  t h e  s o l i d  t o  vo lume  r a t i o  was 1  -,o 1. T h e  m i x t u r e s  

w e r e  t h e n  p l a c e d  i n  a n  8 0  d e q r e e  C wa:e= b a t h  a n d  s t i r r e d  

i n t e r m i r t e n t l y  f c r  1 0  m i n u t e s .  We c e n t z i f  u q e d  'he samples, 

d e c a n t e d  t h e  a c i d  s o ? u t i c n s ,  a n d ' w a s b e i !  t h e  s a m ~ l e s  t h r e e  t i a e s  

e a c h  w i z h  d i s r i l l e d  w a t e r .  

O c c a s i o n a l y ,  t h e  H2C, t r e a t m e n t s  p r e c e d e d  t h e  a c i d  

x z e a t m e ~ t s ,  N o r m a l l y ,  h o w e v e r ,  we a d d e d  t h e  3 0 %  reaqerit q r a d e  

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

t r e a t m e n t s .  The m i x t u r e s  were p l a c e d  i n  a 60  d e q r e f  C w a t e r  L a t h  

a n d  s t i r z e d  i r i t e r m i ' ~ e n t 1 y  f o r  10 n i ~ u t e s .  T h e  s a n ~ l e s  w e r e  t h e 2  

w a s h e d  6 times w i t h  d i s t i l l e d  w a t e r ,  t h z e e  times w i t h  a c e t o n e ,  

a a d  p l a c e d  i n  a 70 d e q r e e  C water k a t h  t o  d r y .  

C e n t r i f u q a t i o n  was u s e d  t o  r e m o v e  a l l  c h e m i c a l  a n d  wash 

s c l u t i o ~ s .  A t  t h e  same 2ime we r e m o v e d  t h e  < 1 0  pm ( c o n t a i n i n q  

c l a y  m i n e r a l s )  f rom a l l  o u r  s a m p l e s .  g i t h  ac IEC I n t e z ~ a t i o n a l  

C h e m i c a l  C e n t r i f u q e  r u n  a t  a p p r o x i m a t e l y  3 , 0 0 0  rpm we u s e d  eq. 

B. 1  t o  estimate t h e  c e n t r i f u q e  times f o r  w.hich t h e  >10  p a  

par t i c l e s  u o u l d  s e t t l e  t o  t h e  b o t t c m  a n d  t h e  <10  pm p a r t i c l e s  

w o u l d  r e m a i ~  i n  s u s p e n s i o n .  



eq. E . l  

t = t ima  i n  s e c o c d s  f o r  p a r t i c l e  

~ u s o 3 n  w rol* 
t o  f a l l  i c  b o t t o m  of  

x k  
c e n i r i f  u q e  t u b e  

f =  n = v i s c o s i t y  i n  p o i s e s  o f  
sar% (dt-4%) l i q u i d  a t  20 '  C 

r = p a r t i c l e  s i z e  ( d i a .  i n  pm) 
s = c e n i r i f u q e  s p e e d  i n  r p i  
d l  s p . q .  o f  p a r t i c l e  
d 2  =  SF.^. of s e ~ a r a t i n q  l i q u i d  
x  = d i s ' a~ce  f o r  p a r t i c l e  t o  f a l l  

to b o t t o m  of t u b e  
a = d i s t a r i c e  f r o m  c e n L r e  of  

r o t a ~ i o n  t o  t h e  p a r - i c i e  
b e f o r e  f a l l  

When d e a l i n g  w i t h  t h e  52-210 pm s i z e  r a c q e ,  m c s t  o f  t h e  f i 2 e  

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

However ,  f c i l c w i ~ g  t h e  c h e m i c a l  t r e a t m e n t s  a n d  d u x i n q  t h e  a c e t o c s  

w a s h e s ,  we  laced t h e  62-210 pm s a m p l e / a c e t o x e  m i x t u r e s  i n  a2 

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

f i n e s .  S u c h  re f f icva l  of f i n e s  p z o v e d  m o r e  i m p o r ' , a n t  f o r  s a m p l e s  

which were 50  u n d e r q o  m a g n e t i c  s e p a r a t i o ~ l s  (Me thod  5 ) .  

? l e t h o d  3: E C 1  a n d  N a C C i  t r e a - m e n t s  

M e t h o d  3 i s  i d e n t i c a l  t o  Method 2 e x c e p t  t h a t  r e a q e n t  q r a d e  

5% N a O C l  s c l u t i c l !  was u s e d  t o  r e n o v e  o iqaa ic  s t a i n s  i c s t e a d  cf  

*,% We q e n e r a l l y  u s e d  t h e  NaOCl :rea:men+s b e f o r e  t h e  KC1 

t r e a t m e n z s .  F r i c r  t o  t r e a t m e n t  we a d d e d  2 0 %  HC1 t o  the NaCCl 

s o l u t i o n  ir! , o r d e r  t o  r e d u c e -  i t s  pH t o  9.5.  



? l e t h o d  4:  G l a s s  s e p a r a t i o n  w i t h  Heavy  L i q u i d s  

T h e  a v c r a q e  spec i f i c  q r a v i z y  o f  o b s i d i a n  q l a s s  i s  2 . 4  w h i l e  

- , h a t  o f  m i n e r a l s  i 3 c i u d i r . q  mos-, c l a y s  is qtea :ez  t h a r ,  2 .6 .  i i e  

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

2.4. GeLeral m e t h o d s  f o r  s e p a r a t i n q  m i n e r a i s  u s i n q  h e a v y  l i q u i d s  

a r e  c u z l i r e d  i n  A l lman  a c d  L a w r e n c e  (1 3 7 2 ) .  

Ir o u r  w o r k ,  q l a s s  was s e p a r a t e d  f r o m  t h e  62-210 pm s i z e  

z a n q e  a n d ,  p z i o r  t o  s e p a i a t i o n ,  samples wezg c h e m i c a i l y  ~ i e a : e d  

u s i n q  m e t h c d  2 c r  3 t o  zemove  s o i u b i e  c o o t a m i n a r t s .  Abou: 3 0 %  ? o  

50% q l a s s  ( b y  weigh') was  ' y p i c a l l y  r e c o v e z e d  f r o m  a 4 t o  5 qram 

s a m ~ l e  a d d e d  70 t h e  h e a v y  l i q u i d s .  

F o r  o u r  work we used a c a s t o m  made p lummet  i n  c r d e z  t o  

a d  just l i q u i d  b i c a o f o r m / a c e t o n e  mixtures t o  sp .  q .  2.4. T h e  

p l u m E e t  was a 2  m l  q l a s s  b u l b  f i l l e d  w i z h  l e a d  a n d  susper?d.ed in:o 

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

a r a l y t i c a l  b a l a n c e .  We s t i r r e d  a c e t o r e  i a t o  t h e  S r c n o f o i n  u n z i l  

the p lummet  r e a c h e d   he d ~ s i r ~ d  w e i q h z  i n  t h e  b r o m o f o = m / a c e t o n e  

m i x t u r e s  ( c a i c u l a t e d  b y  e q .  0 . 2 ) .  



eq. E.2 

F a  = w e i q h t  c 2  p l u m n e t  i n  a i r  
F u  = w e i q h t  cf  p l u m m e t  i n  MaTez 
F i  = w e i q h t  o f  p l u m m e t  in 

/=I = Fa - S p . J .  ( ~ a  F,-FU) h e a v y  i i q n i d  . . 
s p . q .  = s p e c i f ~ c  q r a v i ~ y  of 

h e a v y  l i q u i d  

S e p a r a t i o n  was k y  c e z z r i f u q a t i o r i  u i z h  4 samples t r e a t e d  a t  a 

time. F o r  s e F a r a t i o a  we u s e d  t a p e r e d  t u b e s  which weze p l a c e d  

i n t c  s t a n d a r d  4 C ' m l  c e n t r i f u q e  t u b e s .  The s a m p l e s  were s t i r r e d  

i n t c  t h e  b r c m a f c i m / a c e t c c e  m i x t u r e  i n  Che i m e r  :ukes  a n d  d u r i n q  

c e n ~ z i f u q a t i o n  t h e  h e a v y  m i n e r a l s  would se:?le t o  t h e  b o t r o m  c f  

t h e  c e n t r i f u q e  ~ u b e  by  ~ a s s i n q  t b z o u q h  a r  o p e r i i c q  a t  t h e  k o t ? o m  

of t h e  i m e r  t u b e .  By s t o p p e r i n q  t h e  i n n e r - ' u b e ,  :he q l a s s  c o u l d  

b e  e a s i l y  r e m c v e d  w i t h  t h e  i n n e r  z u b e .  We q e n e i a l i y  c e r x r i f u q e d  

t h e  samples f o z  about 1 0  s e c o n d s  s o  t h a t  t h e  m a j o r i t y  of h e a v y  

a i n e i a l s  w c u l d  settle. We t h e n  s ' l r r e d  t h e  s a m p l e  r e m a i n i o q  i n  

t h e  iiicei t u b e  a  s e c o n d  t i n e  a 3 d ,  f i r a l l y ,  we c e o t r i f u q e d  a l l  

s a m p l e s  i o r  a b o u t  10  m i n u ~ e s .  The  q l a s s  and m i n e r a l  separates 

were f i l t e r e d  on # I  Watman f i l t e r  p a p e r ,  washed  s e v e r a l  times 

w i t h  a c e t o n e ,  arid a l l o w e d  t o  d r y .  By  s c a n n i n q  t h e  b z o m i n ~  p e a k  

d u r i n q  XES a n a y s i s  we d e t e r m i n e d  t h a '  n o  r e s i d u a l  b r o m o f o r m  was 

l e f t  o n  t h e  samples a f t e r  t h e  a c e t o n e  wash .  



1 4 1  

E e t h o d  3: G l a s s  s e p a r a t i o n  w i t h  a Fsanz M a q n e - i c  S e p a r a i o z  

G e n e r a l  m e t h o d s  f o r  s e p a r a ' i n q  m i n e r a l s  u s i n q  a Zzanz  

f l a q ~ e t  i c  S e ~ a r a t c r  a x e  d e s c r i b e d  i r .  A l l m a n  ar ,d  L a w i e n c e  ( 1 3 7 2 )  

a ~ d  Hess ( 1  9 6 6 )  . I 1 1 we list  = h e  s e = - i n q s  :ha= u e  f o u c d  

most  u s e f u l  f o r  n e p a r a t i n q  q l a s s  f r o m  ? e p b r a  samples i n  k k e  6 2  $0 

2 1 0  n i c r c n  s i z e  i a n q e .  

S e t t i r q s  f o r  H a q ~ e t i c  S e p a r a t i o n s  

r a r q e  

f o r e w a r d  a z a l e  ( d e g r e e s )  25-30 

s i d e  a n q l e  ( d e q i e e s )  4-9 

a m p e r a q e  (maf ics)  .40-. 8 0  

a m p e r a q e  ( n o n  m a g n e t i c s )  7.50 

A p p r o x i m a t e l y  1 t o  2 h o u r s  weze r e q u i r e d  t o  s e p a r a t e  a  4 t c  

8  q r a m  s a a ~ l e  w i t b  t h e  F r a n z  Maqcetic S e p a r a t o r .  M a q n e k i c  

s e ~ a r a t i o c s  were t h e r e f c r e  u s e d  o n l y  i c  a iew cases when we 

w i s h e d  t o  p u r i f y  s a m p l e s  wh ich  h a d  a l r e a d y  u n d e r q o n ~  h e a v y  l i q u i d  

s e r a r a t i o n s .  We e s ' i m a t e d  t h a t  a f t e r  s u c h  p u r i f i c a t i o n ,  the 

s a m r l e n  were c o m ~ c s e d  o f  l e s s  thar, 1 %  m a f i c s  ( b y  w e i q h t )  . 



Method 6: F e l l e t i z a t i o o  

Somar-Mix k i c d e z  was a d d e d  t o  1.3 qms c f  powdered  s a m p l e  i n  

a  1: 8 b i x d e r - t o - s a m p l e  i a ~ i o .  We q r o u n d  ? h e  s a m p l e - b i n d e r  a i x  

f o r  10 m i x u t e s  i c  a  p o r c e l a i n  b a l l  m i l l  a f t & =  which p a r x i c l e s  i n  

t h e  62-210 pm s i z e  were t v p i c a l l v  q r o u n d  t c  l e s s  t h a n  4 5  pm. T h e  

samries were t h e n  p e l l e t i z e d  a t  10 t o n s  u s i o q  a Beckaan  K-13 K E R  

d i e  i n  a  h y d r a u i i c  p r e s s .  T h e  p e l l e t s  p r o d u c e d  were 13  ma 

d i a m e t e r ,  a p p r o x i m a ~ e l ~  1 - 2 5  q i a m s ,  . 4 5  cm t h i c k ,  a n d  q r e a t e r  

t h a i i  9 9 %  i n f i c i t e  z h i c k n e s s .  Z q u a t i o ~  B .  3 was u s e d  t o  c a 1 c u l a : e  

'he s a m p l e  mass i e q u i z e d  t c  p r o d u c e  s p e c i r n e c s  o f  t t ~  d e s i r e d  

thickness (C f .  E e r t i a  1 9 7 0 ) .  

eq .  E.3 

( u / p ) ~ ~  = mass  a b s o r p t i o r  f c r  
i n c i d e a t  beam A I n  (I - 2) H =  a q l e  o f  i n c i d e n c e  = ii d c q .  

ma55 (jh) = ( u / p ) ~ ~  = n a s s  a o s o r p t i o n  f o r  
a r a l y t e  l i n e  

Y =  a n q l e  of  t a k e o f f  = 52 d e a .  
($)ipcscj +(f)j:YI (1r/1@1 = p r o p o r t i o n  ~f i a f i r i x e  

t h i c k n e s s  
A = a r e a  (cm) of s u r f a c e  of  specirne?! 



ABSOLUTE C C N C Z N T R A T I C N S  

A )  X E S :  Plajor Element Analys i s  

S ix  H C l ,  ELO,  t r e a t e d  sampies cf  ash  (<62  pm) were aca lyzed  

f o r  t h e i r  majoz element composi t ion a t  Chemex ILC, Vaxouve r ,  

B.c. We r e - c a l c u i a t e d  these d a t a  t o  1 0 0 %  ox ide  c o m ~ o s i t i o n  cn a 

water  f r e e  b a s i c  a s  ~ r e s e 2 t e d  i n  Table C.  1 .  I n  t h i s  way :he d a t a  

could  be ccmpared T O  da'a i n  =ke l i t e r a ' u r e  s u c h  a s  those of 

We=-ate, ( 1  37Oa) . A s  t h e  cc l i cu l a t i on  of a b s o l u t e  concen'ra t i c n s  

was not a  major qoai  o f  t h i s  t h e s i s ,  we d i d  no t  a t t emp t  t c  

conve r t  f u r t h e r  r e s u l t s  o f  samples ana lyzed  w i t h  a  Zn s e c a d a r y  

t a r q e t  i n t o  a k s c l u t e  concen tza t i oos .  The six t e s t  samples 

t h e r e f  o r e  ~r cv ide  O U i  b e s t  e s t i m a t e  05 a b s o l u t e  c o n c e t t z a  t i o n s  o f  

K ,  Ca, Ti, Fe for samples  of  M, B R ,  GP,  WE, and Y .  

3 )  XES: major and Trace Element Ana lys i s  Uizh A A q  S ~ c o n d a r y  

Tarqe t  

Trace Element Analys is :  The method of  . s t a r d a z d  a d d i t i o n s  

(c f .  B e r t i n  1370) was used t o  d e r i v e  a set of c a l i k ~ a t i o r ,  curves  

f o r  t h e  c a l c u l a t i o n  of a b s o l u t e  c o n c e c t r a t i c n s  of  = h e  t r a c e  

e l emen t s  R k ,  S r ,  Y ,  Zr, Nk. We s e l e c t e d  a  l a r q e  sample of Mazama 

ash from t h e  l e s s  t h a n  45 micrcn s i z e  racqe.  A s t o c k  s 0 1 u t i o i 1  
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was p r e p a r e d  i c  w h i c h  we d i s s o i v e d  a p p r o x i m a t e l y  1000  ppm o f  e a c h  

o f  R k ,  Sr, Y, Z r  ( a s  z i t z a ' e s )  i r t o  3 i s t i i l e d  water. Y i t b  a  

s y r i n q e  ( a c c u r a r e  LO . 0 5  a l )  ile d i l u e e d  t h e  s t o c k  s c l u t i o r :  t c  

p z o d u c e  10 m l  a l i q u o ~ s  h a v i n q  a p p r o x i m a : e l y  25 ,  5 0 ,  1 0 0 ,  3 0 0 ,  

5 0 0 ,  a n d  lOCO ppm c o n c e z t r a t i c o s  o f  e a c h  t race elemen:. A 

s e v e n t h  a l i q u c t  was distilled w a t e r  o n l y .  B e  t h e n  e v a p o r a t e d  

e a c h  10 n l  a l i q u o t  o n t o  7 p o w d e r e d  s u b - s a m p l e s  o f  a s h  o f  4 crrams 

e a c h .  The a m c u n t  o f  s o l c t i o n  was c h o s e n  s o  t h a t  a l l  o f  it u c u l d  

s o a k  i n t o  t h e  s a m p l e  a n d  l i t t l e  would  b e  i c ~ t  o n  t h e  s a n p l e  

c c n t a i n e r .  T h e  s a m p l e s  were d r i e d ,  well mixed  ( i n  a s h a j t e r  

b o t t l e ) ,  a n d  a r a l y z e d  f o z  15 miziu'es e a c h  a s  l o o s e  p o w d e r s .  I h e  

p k / C ~  r a t i c s  were c a l c u l a t e d ,  t h e  X - k e t a  i n k e r f  e r i n q  p e a k s  were 

s u t t r a c t e d  f r o m  t h e  Y t c  Nb p e a k s ,  a c d  =he ppm c o n c e n t r a t i o n  

v e r s u s  Cp/R r a t i o s  were p l o t t e d  ( F i q .  C .  1 )  . U s i n q  F i q u r e  C. 1 we 

were a b l e  t c  v e r i f y  t h a t  'he Pk/Cp v e r s u s  ppm c o n c e n t r a 5 c n  was a 

l i n e a r  r e l a i i c ~ s h i p .  

B e c a u s e  t h e  e x t r e m e l y  d e l e q u e s c e n t  n i ' r a t e  s t a n d a r d s  c o u i d  

n o t  t e  a c c u r a t e l y  w e i q h ~ d ,  we were u z c e z t a i n  w h e t h e r  we a c t u a l l y  

had  1000 ppm o f  e a c h  e l e x a t  i n  t h e  o r i q i n a l  s t o c k  s o i u % i . c n .  We 

t h e r e f o r e  h a d  a number  o f  t h e  s p i k e d  s a m p l e s  a z a l y z e d  b y  XRF a t  

t h e  G e o i o q y  D e ~ a r t m e n t  o f  t h e  U c i v e z s i t y  o f  ' B r i t i s h  C o l u m k i a  

(UBC) i n  o r d e r  t o  c r c s s - c a i i b i a ~ e  o u r  r e s u l t s  a q a i n s i  t h e  UBC 

s t a n d a r d s .  T h e  u z w e i g h t e d  P / C F  r a t i o s  d e t e r m i s l e d  ir! t h i s  study 

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

l e a s t  Zquares f i t  o f  t h e s e  d a t a  p z o d u c e d  t h e  c a l i b z a t i o n  







c o n s t a n r s  vhich appea: i r .  Table  C . 2 .  A d e s c r i p 5 i o n  of  ;he 

r e q r e s s i o n  methods used appears  i~ Bevinqtor, ( 1 3 6 3 )  , Equation 

C. 1 was t t e r .  u sed  zo conve r t  =he average  FL/Cp c a t i c s  of  each 

: e ~ h r &  sou rce  i n t o  ppm c o n c e n t r a t i o g s  f o r  t h e  e lements  Bb, S r ,  Y ,  

Z r .  (Concen t r a t i ons  of Ni: were e s t i m a t e d  from zhe Y K-bera 

p e a k . )  

eq. C. 1 

C = a b s o l u r e  c o n c e n t r a t i o c  - 
x = averaqe  r e l a t i v e  c o n c e n t r a t i o n  

of element f o r  souzce 
a  = s l o p e  
b = i z t e r c e p t  

i n  Tak le  C.3 we l i s t  a b s o i u t e  c o n c e n t r a t i o c s  of s e p a r a t ~ d  

q l a s s  samples from Ch. 5. I n  Table C,4 we p r e s e n t  a b s o l u t e  

c o o c e n t r a t i o n s  f c r  scme HC1, HLO, ( ( 62  pm) t r e a t e d  samples from 

Ch. E e  

Major Element Analysis:  T h e  K ,  Ca, T i ,  Fe peaks a i s o  appear  

i n  a t y p i c a l  spectrum analyzed w i t h  a  Aq secondary t a r q e t  ( F i q u i e  

2 1 ) .  We ccove r t ed  the results of the 6 samples aaa lyzed  by  

Chemex (Takle  C . 1 )  i n t o  W element c o n c e n t r a t i o r  f o r  t h e  e lements  

K ,  C a ,  T i .  L inear  r e g i ~ s s i o n  a n a l y s i s  was t hen  used (% 

c o n c e n t r a t i o n  Versus Pk/Cp r a t i o )  i n  o r d e r  t o  produce t h e  

c a l i k z a t i o n  c o n s t a n t s  i r  Table C.2 f o r  t h e  major e lements .  We 

t h e c  c o r ~ v e r t e d  t h e  averaqe  P k / C p  r a t i o s  of samples analyzed 
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( C h a ~ : e r s  5 and 6 )  i n t o  5 c o n c e a t r a ~ i o n s  (Tab l e s  C . 3 ,  a n d  C . 4 ) .  

B E  kcth % c c o c e n t r a t i o r . ~  ( N A A )  a ~ d  P k / C p  z a t i o s  ( X E S )  were 

a v a i l a b l e  f o r  F e  i n  31 ~ e p a ~ a ~ e d  g l a s s  sampies ( s ee  Ch. 5 1 ,  u e  

u s e d  linear l e a s t  s q u a r e  f i r ' i n q  o f  ' h e s e  d a t a  t o  c a i c u l a i e  t h e  

calikratioa c o n c t a 2 t s  f c r  Fe .  
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TABLE D.5  

A-Coef f i c i e n t  Comparing Tephras Characterized 

by Smith e t . a l .  (See r e f s .  Table D . 2 )  

Using Microprobe Analysis of Glass Shards 

a 
Source n K C a 

a 
nuffber of samples used t o  c h a r a c t e r i z e  source.  

* 
t ephra  p a i r  can be d is t inguished on b a s i s  of  t h i s  element, 
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