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ABSTRACT 

Energy d i s p e r s i v e  x - r a y  f l u o r e s c e n c e  s p e c t r o s c o p y  

w i t h  a  Mo s e c o n d a r y  t a r g e t  was used  t o  q u a n t i t a t i v e l y  and 

q u a l i t a t i v e l y  a s s e s s  t h e  t r a c e  e l e m e n t s  i n  B r i t i s h  Columbia 

c o a l s .  The a ims  o f  t h e  s t u d y  were :  1) t o  d e v e l o p  a  method 

whereby m u l t i e l e m e n t  a n a l y s i s  o f  c o a l  c o u l d  be  pe r fo rmed  

r a p i d l y  and a c c u r a t e l y  t o  t h e  p a r t s  p e r  m i l l i o n  l e v e l ,  2)  

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

c o u l d  b e  used  t o  d i s t i n g u i s h  be tween  e i t h e r  a )  i n d i v i d u a l  

c o a l  seams o r  b )  c o a l s  f rom d i f f e r e n t  l o c a t i o n s .  

A t o t a l  o f  5 0  s a m p l e s  were  o b t a i n e d  f rom 3 l o c a t i o n s  

i n  t h e  Hat Creek  c o a l  f i e l d  and 4 l o c a t i o n s  i n  t h e  Crowsnes t  

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

c o a l  f i e l d  (Sparwood R i d g e )  were  c l a s s i f i e d  a c c o r d i n g  t o  t h e  

i n d i v i d u a l  .seams from which  t h e y  were  o b t a i n e d .  

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

were e s t a b l i s h e d .  A n a l y s i s  o f  t h e  d a t a  was a i d e d  by  t h e  

computer  p rogram GAMANAL. C a l i b r a t i o n  c u r v e s  u s i n g  t h e  

N a t i o n a l  Bureau  o f  S t a n d a r d s  Coal  (NBS 1632)  were  g e n e r a t e d  

iii 



f o r  t h e  e l e m e n t s  K,Ca,Ti,Fe,Ni,Cu,As,Br,Rb and  S r .  

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

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

mass  s p e c t r o m e t r y  and  a n  i n d e p e n d e n t  XRF s t u d y .  E r r o r s  

r a n g e d  f r o m  2% t o  a s  h i g h  a s  3 0 % .  

None o f  t h e  e l e m e n t s  s t u d i e d  a p p e a r e d  t o  b e  p r e s e n t  

i n  g r e a t e r  c o n c e n t r a t i o n  t h a n  is p r e s e n t  i n  t h e  e n v i r o n m e n t  

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

B r  is d e p l e t e d  w h i l e  m o s t  o f  t h e  o t h e r  e l e m e n t s  become more  

c o n c e n t r a t e d .  

U s i n g  t h e  Compton n o r m a l i z e d  p e a k  a r e a s  f o r  t h e  

e l e m e n t s  K,Ca,Ti,Fe,Cu,Ni,Zn,As,Cr,Rb,Br a n d  S r ,  

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

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

S t e p w i s e  d i s c r i m i n a n t  a n a l y s i s  u s i n g  a  maximum R a o ' s  V 

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

Sparwood R i d g e  s a m p l e s .  S i x  d i s c r i m i n a n t  f u n c t i o n s  w e r e  

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

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

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

o b t a i n e d  w i t h  8 0 %  s u c c e s s .  



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

f r o m  d i f f e r e n t  l o c a t i o n s .  Of t h e  6 c a n o n i c a l  v a r i a t e s  

g e n e r a t e d ,  t h e  f i r s t  t h r e e  a c c o u n t e d  f o r  99% o f  t h e  

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

93% o f  t h e  s a m p l e s  w e r e  s u c c e s s f u l l y  c l a s s i f i e d .  

I n  summary,  r e s u l t s  i n d i c a t e  t h a t  w h i l e  t h e  t r a c e  

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

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

i n  t h e  c a s e  o f  n o n - a d j a c e n t  s e a m s .  The g r e a t e s t  d e g r e e  o f  

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

l o c a t i o n s  i n  B.C.  



f o r  
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1. INTRODUCTION 

1.1 Background 

E n e r g y  h a s  emerged a s  a n  i s s u e  o f  c o n c e r n  f o r  t h e  

8 0 ' s .  A s  o i l  s u p p l i e s  d w i n d l e  a n d  e n e r g y  demands  i n c r e a s e ,  

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

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

c o n s i d e r e d ,  c o a l  h a s  become i n c r e a s i n g l y  a t t r a c t i v e .  

I n  l i g h t  o f  t h e  r e c o m m e n d a t i o n s  made i n  t h e  N a t i o n a l  

E n e r g y  P l a n  i n  t h e  U n i t e d  S t a t e s  (1) i t  is p r e d i c t e d  t h a t  

many s m a l l e r  power p l a n t s  i n  t h e  U.S. w i l l  c o n v e r t  f r o m  o i l  

and g a s  t o  c o a l .  S i m i l a r  t r e n d s  m i g h t  r e a s o n a b l y  b e  

e x p e c t e d  i n  Canada a s  w e l l  ( 2 ) .  

E s t i m a t e s  o f  c o a l  r e s e r v e s  i n  C a n a d a  i n d i c a t e  t h a t  

t h e r e  a r e  4 2  b i l l i o n  t o n s  o f  i n d i c a t e d  a n d  m e a s u r e d  c o a l  

r e s e r v e s  a n d  a  f u r t h e r  165 b i l l i o n  t o n s  o f  i n f e r r e d  

r e s o u r c e s .  Of t h e s e ,  99% a r e  l o c a t e d  i n  W e s t e r n  Canada  

( i - e .  B .C . ,  A l b e r t a  and  S a s k a t c h e w a n ) .  



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

a r e  20.1 Mtce ( m i l l i o n  t o n s  o f  c o a l  e q u i v a l e n t )  a n n u a l l y  and 

c o m p r i s e  9% o f  C a n a d a ' s  e n e r g y  n e e d s .  The most c o n s e r v a t i v e  

p r o j e c t i o n s  t o  t h e  y e a r  2000 g i v e  a n  e s t i m a t e  o f  t h e s e  

demands t o  i n c r e a s e  t o  7 1  Mtce. T h i s  f i g u r e  r e f l e c t s  t h e  

e s t i m a t e  t h a t  c o a l  w i l l  c o m p r i s e  a b o u t  1 2 %  o f  C a n a d a ' s  

f u t u r e  e n e r g y  n e e d s  ( 3 ) .  

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

a r e  based  on t h e  r a t h e r  u n r e a l i s t i c  a s s u m p t i o n s  t h a t  c o a l  

w i l l  r e t a i n  i t s  r e l a t i v e  c o s t  w i t h  r e s p e c t  t o  o i l  and g a s  

and t h a t  t h e  r o l e  o f  c o a l  a s  an  e n e r g y  s o u r c e  w i l l  be  

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

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

A s  i n t e r e s t  s h i f t s  away from o i l  and g a s  toward c o a l  

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

t o  i n v e s t i g a t e  some o f  t h e  e n v i r o n m e n t a l  and economic 

a s p e c t s  o f  c o a l  min ing  and u s e .  



One o f  t h e  more i m p o r t a n t  a r e a s  o f  c o n c e r n  f o c u s s e s  

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

whole  c o a l  and c o a l  a s h  (4,5,6). I n  t h e  d r a f t  e n v i r o n m e n t a l  

impac t  s t a t e m e n t  f o r  t h e  Coal  R e s e a r c h ,  Development  and 

D e m o n s t r a t i o n  Program,  t h e  Energy  R e s e a r c h  and Development  

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

q u a l i t y  p rob lem a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  u t i l i z a t i o n  of  

c o a l  i n  t h e  U . S . ( 7 ) .  The g e n e r a l  w a t e r  q u a l i t y  o b j e c t i v e s  a s  

o u t l i n e d  by  t h e  P o l l u t i o n  C o n t r o l  Board i s  g i v e n  i n  t a b l e  I 

( 8 ) .  ERDA s t a t e d  t h a t  p o t e n t i a l  c o n c e r n s  r e v o l v e  a b o u t :  

1) t h e  p r e s e n c e  o f  p o t e n t i a l l y  t o x i c  and c a r c i n o g e n i c  

compounds i n  c o a l  r e s i d u e  and p r o d u c t s  a n d ,  2 )  t h e  p o t e n t i a l  

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

b y - p r o d u c t s .  They c o n c l u d e d  t h a t  l i t t l e  is known a b o u t  

t h e s e  s u b j e c t s  and t h a t  f u r t h e r  s t u d y  is  w a r r a n t e d .  

The i n c r e a s e d  r o l e  p l a y e d  by c o a l  i n  t h e  economy 

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

q u a l i t y  i n  g e n e r a l  be  a v a i l a b l e .  S i m i l a r l y ,  t h e  q u e s t i o n  o f  

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

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

e l e m e n t s  r e s u l t i n g  f rom m i n i n g ,  s t o c k p i l i n g  and b u r n i n g  c o a l  



Table.1. Water quality objectives for the discharge of trace elements 
4 

into marine and fresh waters. 

Parameter Concentration 

Aluminum 

Antimony 

Arsenic 

Cadmium 

Chromium, hexavalent 
and trivalent 

Cobalt 

Copper 

Cyanide 

Fluoride 

Iron 

Lead 

Manganese 

Mercury 

Molybdenum 

Nickel 

Selenium 

Silver 

Tin 

Zinc 

dissolved mg/l A1 

dissolved mg/l Sb 

dissolved mg/l As 

dissolved mg/l Cd 

dissolved mg/l Cr 

dissolved mg/l Co 

dissolved mg/l Cu 

total mg/l CN 

dissolved mg/l F 

dissolved mg/l Fe 

dissolved mg/l Pb 

dissolved mg/l Mn 

dissolved mg/l Hg 

dissolved mg/l Mo 

dissolved mg/l Ni 

dissolved mg/l Se 

dissolved mg/l Ag 

dissolved mg/l Sn 

dissolved mg/l Zn 



1 . 2  Resea rch  O u t l i n e  

U n t i l  r e c e n t l y ,  t h e r e  were  no r e a d i l y  a v a i l a b l e  

methods by which t h e  q u e s t i o n  o f  p o l l u t i o n  a t  low l e v e l s  

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

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

B.C. c o a l s  f rom e i t h e r  t h e  economic o r  e n v i r o n m e n t a l  

v i  e w p o i n t s  . 

The aim o f  t h e  r e s e a r c h  r e p o r t e d  h e r e  wzs t o  use  

e n e r g y  d i s p e r s i v e  x - r a y  f l u o r e s c e n c e  t o  d e v e l o p  a means by 

which t h e  t r a c e  e l e m e n t s  i n  c o a l  c o u l d  be  q u i c k l y  and e a s i l y  

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

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

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

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

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

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

v a r i o u s  a r e a s  i n  B . C . ,  a t t e n t i o n  c o u l d  t u r n  t o  t h e  q u e s t i o n  

o f  two p o s s i b l e  mechanisms t h r o u g h  which t h e s e  m e t a l s  c o u l d  

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



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

p r o c e s s e s  which  m i g h t  o c c u r  when c o a l  i s  s t o r e d .  S e c o n d l y ,  

i t  was o f  c o n c e r n  t o  c o n s i d e r  t h e  f a t e  o f  any  t r a c e  e l e m e n t  
/ .  

when combus t ion  o c c u r s .  

The second  ma jo r  a r e a  o f  i n t e r e s t  was a  q u a l i t a t i v e  

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

and i n  p a r t i c u l a r  c o a l  l o c a t i o n s .  S p e c i f i c a l l y ,  t h i s  was 

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

i n d i v i d u a l  s a m p l e  c o u l d  be  used a s  a  means o f  i d e n t i f i c a t i o n  

of  a  p a r t i c u l a r  c o a l  seam o r  l o c a t i o n .  

G e o l o g i s t s  have  l o n g  s o u g h t  a  method by which  seams 

can  be i d e n t i f i e d  ( 1 3 1 4 )  Such a  p r o c e d u r e  is  d e s i r a b l e  

f rom b o t h  a  g e o l o g i c a l  and a n  economic p o i n t  o f  v iew.  
* 

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

t h e  t h i c k n e s s  o f  t h e  s eams ,  t h e  i n t e r v a l  be tween  t h e  seams 

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

been  e x p e r i e n c e d  i n  t h e  mapping o f  c o a l  seams.  A d e p e n d a b l e  

c o r r e l a t i o n  method would r e s u l t  i n  s t r a t i g r a p h i c  and  

s t r u c t u r a l  s t u d i e s  o f  g r e a t  v a l u e .  F u r t h e r m o r e ,  one  o f  t h e  

problems f a c i n g  g e o l o g i s t s  l i e s  i n  t h e  v a l u a t i o n  o f  c o a l  



r ank  ( i . e .  q u a l i t y )  (15 ,161 ,  S i n c e  t h e  t h e r m a l  and e x p o r t  

wor th  o f  a  c o a l  is  g r e a t l y  i n f l u e n c e d  by i t s  r a n k ,  a  

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

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

The p a r t i c u l a r  method used v a r i e s  f rom o n e  a r e a  t o  a n o t h e r ,  

and indeed  f rom one  c o a l  f i e l d  t o  a n o t h e r .  The most  

f r e q u e n t l y  used scheme i n  Nor th  America is  b a s e d ,  t o  a  l a r g e  

e x t e n t ,  on m i c r o s c o p i c  o b s e r v a t i o n  o f  t h e  c o a l  and a s  s u c h  

is h i g h l y  s u b j e c t i v e .  

I t  was r e c o g n i z e d  t h a t  i f  t h e  t r a c e  e l e m e n t  

d i s t r i b u t i o n  c o u l d  b e  used t o  d i s t i n g u i s h  be tween  v a r i o u s  

c o a l  seams,  t h e n  t h i s  c o u l d  p o t e n t i a l l y  l e a d  t o  a  more 

q u a n t i t a t i v e  c l a s s i f i c a t i o n  method. F u r t h e r m o r e  s i n c e  c o a l  

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

e n v i r o n m e n t s ,  geochemica l  s t u d i e s  on t h e  s u c c e s s i o n  of  

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

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

i t s  c o n d i t i o n  o f  f o r m a t i o n .  



1 . 3  C o a l  F o r m a t i o n  a n d  T r a c e  E l e m e n t  D ' i s t r i b u t i o n  

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

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

f o r m a t  i o n  p r o c e s s .  

C o a l  is t h e  r e s u l t  o f  s h a l l o w  w a t e r  swamp s e d i m e n t s  

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

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

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

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

s e q u e n c e :  p e a t  t o  l i g n i t e  t o  b i t u m i n o u s  and f i n a l l y  t o  

a n t h r a c i t e  c o a l  ( 1 7 ) .  G e n e r a l  a n a l y s e s  h a v e  shown t h a t  

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

t o  t h e  a v e r a g e  c o n t e n t  i n  t h e  e a r t h ' s  c r u s t .  Any e n r i c h m e n t  

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

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

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

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

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

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

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

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

( 1 3 , 1 8 , 1 9 ) .  



I f  t h e  i n t e r e l e m e n t  a s s o c i a t i o n  i n  a  seam is t h e  

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

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

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

o f  t h e  s a m p l e  p o s i t i o n  i n  t h e  seam. Samples  f rom a n y  

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

I f  however ,  ?he t r a c e  e l e m e n t s  r e s u l t  f rom a  

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

c o n c e n t r a t i o n  would have  o c c u r r e d  a t  seam m a r g i n s .  T h i s  

would r e q u i r e  a  more c a r e f u l  s e l e c t i o n  of  c o a l  s a m p l e s  f o r  

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

. I n  a  s u r v e y  o f  c o a l s  f rom v a r i o u s  s o u r c e s ,  N i c h o l l s  

( 1 3 )  found  t h a t  e l e m e n t s  s u c h  a s  B ,  N i ,  C u  and Ge t e n d  t o  be 

e v e n l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  seam w h e r e a s  Pb and  V show 

seam m a r g i n  e n r i c h m e n t .  

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

w i l l  be  r e l a t e d  t o  t h e  r a t e  and a r e a  of  a c c u m u l a t i o n  o f  t h e  

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

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



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

- p r o p o r t i o n a l  t o  t h e  r a t e  o f  a c c u m u l a t i o n .  I n  a d d i t i o n ,  i f  

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

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

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

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

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

c o n c e n t r a t i o n s  ( 2 0 )  . 

The a v e r a g 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  i n  t h e  

e a r t h ' s  c r u s t  is t e r m e d  t h e  ' c l a r k e '  v a l u e .  A t t e m p t s  h a v e  

b e e n  made r e c e n t l y  t o  c o m p a r e  t h e  t r a c e  e l e m e n t  

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

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

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

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

( I l l i n o i s  B a s i n ,  W e s t e r n  U.S. a n d  E a s t e r n  U . S . ) ,  Ruch,  Kuhn 

e t  a1  ( 2 1 , 2 2 , 2 3 )  f o u n d  t h a t ,  on t h e  a v e r a g e ,  v e r y  few 

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

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

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

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



Although i t  is g e n e r a l l y  a c c e p t e d  t h a t  t h e r e  i s  a  

wide v a r i a t i o n  between c o a l s  f rom d i f f e r e n t  r e g i o n s ,  t h e  

e x t e n t  t o  which  t r a c e  e l e m e n t s  c a n  be used  t o  c l a s s i f y  c o a l  

s amples  h a s  l a r g e l y  been  u n e x p l o r e d .  Newmarch (24)  

a t t e m p t e d  t o  u se  t r a c e  e l e m e n t s  t o  c l a s s i f y  c o a l  seams.  H i s  

s t u d y ,  however ,  was g r e a t l y  hampered by a  l a c k  o f  s u i t a b l e  

means t o  q u i c k l y  a n a l y z e  t h e  s a m p l e  and t o  h a n d l e  t h e  

r e s u l t i n g  d a t a .  G l u s k o t e r  ( 2 3 )  a t t e m p t e d  t o  i n v e s t i g a t e  t h e  

r e l a t i o n s h i p  between t h e  t r a c e  e l e m e n t s ,  done a s  an  e l e m e n t  

by e l e m e n t  c o r r e l a t i o n .  A l though  some i n t e r e s t i n g  

r e l a t i o n s h i p s  were f o u n d ,  no p a t t e r n s  emerged and no  

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

d i g t r i b u t i o n  o f  t r a c e  e l e m e n t s  f rom one  seam o r  one l o c a t i o n  

t o  a n o t h e r  c o u l d  be  made. 

I n  a  s t u d y  of  t h e  t r a c e  e l e m e n t s  i n  New Zea land  

c o a l s ,  Sim and Lewin (25 )  found  t h e r e  was a  w ide  v a r i a t i o n  

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

T h i s  o b s e r v a t i o n  was n o t  f o l l o w e d  up  by a n  e v a l u a t i o n  o f  

t h e s e  d i f f e r e n c e s .  



1 .4  Q u a n t i t a t i v e  S t u d i e s  

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

t h e  r e s e a r c h  u n d e r t a k e n  was  t o  d e v i s e  a  method w h e r e b y  a 

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

b e  q u i c k l y  a n d  e a s i l y  a s s e s e d .  P r i o r  t o  1 9 7 0 ,  a n a l y s e s  w e r e  

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

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

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

room f o r  e r r o r  a s  w e l l  a s  b e i n g  s l o w  and  r e l a t i v e l y  

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

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

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

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

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

c o a l  f i r s t ,  

I n  t h e  c a s e  o f  B.C.  and  A l b e r t a  c o a l ,  t h e  p u b l i s h e d  

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

p h y s i c a l  p r o p e r t i e s  o f  v a r i o u s  s a m p l e s  ( 2 6 ) .  W h i l e  s u c h  

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

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

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

c o n d i t i o n s .  



I n  t h e  s t u d y  c a r r i e d  o u t  by t h e  I l l i n o i s  G e o l o g i c a l  

S u r v e y  ( 2 3 ) ,  x - ray  f l u o r e s c e n c e  was used  t o  a n a l y z e  101  c o a l  

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

' s t a n d a r d s '  f o r  t r a c e  e l e m e n t  a n a l y s i s  and a s  s u c h  t o  

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

c o a l .  

A number o f  r e s e a r c h e r s  have  r e c e n t l y  become 

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

c o a l  combus t ion .  B i l l i n g s  (27 )  e s t i m a t e d  t h a t  t h e  mercury 

l i b e r a t e d  d u r i n g  t h e  combus t ion  o f  a  700Mw c o a l  f i r e d  

e l e c t r i c a l  g e n e r a t i n g  s t a t i o n  is i n  t h e  o r d e r  o f  2.5 kg p e r  

day .  N a t u s c h  (10)  c l a s s i f i e d  many o f  t h e  t r a c e  e l e m e n t s  and 

o x i d e s  a c c o r d i n g  t o  t h e i r  c a r c i n o g e n i c i t y  and r e a c t i v i t y  

w i t h  s p e c i a l  emphas i s  g i v e n  t o  t h o s e  p r e s e n t  i n  o r  p roduced  

from f o s s i l  f u e l s .  He e s t i m a t e d  t h a t  f o s s i l  f u e l e d  power 

p l a n t s  c o n t r i b u t e  a p p r o x i m a t e l y  25% o f  t h e  a n t h r o p o g e n i c  

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

a n  e a r l i e r  s t u d y  ( 2 8 ) ,  he  had r e p o r t e d  t h a t  t h e r e  was a  

p r e f e r e n t i a l  c o n c e n t r a t i o n  o f  t h e  t r a c e  e l e m e n t s  A s ,  Sb,  

Cd, Cr ,  Pb ,  N i ,  Se ,  T1 and Zn i n  t h e  s m a l l e s t  o f  t h e  

p a r t i c u l a t e s  e m i t t e d  f rom c o a l  f i r e d  power p l a n t s .  These 



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

and f i n d  t h e i r  way i n t o  t h e  a t m o s p h e r e .  

I n  s u b s e q u e n t  s t u d i e s ,  Lyon (29,3O) and Koakenin 

(31) have  i n v e s t i g a t e d  t h e  c o n c e n t r a t  i o n s  o f  t r a c e  e l e m e n t s  

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

Through a  mass b a l a n c e  s t u d y ,  t h e  l a t t e r  o f  t h e s e  

i n v e s t i g a t o r s  found  t h a t  e n r i c h m e n t  o c c u r s  i n  t h e  c a s e  o f  

Cu, Zn, A s ,  Mo, Sb ,  Se ,  and Po. 

Very  l i t t l e  work h a s  b e e n  done  i n  t h e  a r e a  o f  t h e  

e f f e c t s  o f  w a t e r  on c o a l  s t o c k p i l e s .  I n  g e n e r a l ,  any  

s t u d i e s  c o n d u c t e d  have  n o t  managed t o  d e v e l o p  a  s t a n d a r d i z e d  

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

Dav i s  and Boagly  ( 3 2 )  r ev i ewed  t h e  r e s e a r c h  c o n d u c t e d  on 

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

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

ma in ly  of  i n d i v i d u a l  ' g r a b '  s a m p l e s  on a  number o f  d i f f e r e n t  

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

c o n t r o l l e d  t e s t i n g .  Whi le  a  f u l l  s c a l e  s t u d y  of  c o a l  p i l e  

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

c o n c e r n  o v e r  t h e  f a t e  o f  t h e  t r a c e  e l e m e n t s  i n  whole  c o a l  

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



2. EXPERIMENTAL 

2.1 XRF Theory  

The b a s i c  p r i n c i p l e  o f  x - r ay  f l u o r e s c e n c e  is n o t  

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

upon a n  a tom,  a vacancy  may be c r e a t e d  i n  o n e  o f  t h e  a t o m i c  

s h e l l s .  E l e c t r o n s  f rom highe'r e n e r g y  o r b i t a l s  f i l l  t h e s e  

v a c a n c i e s  t h e r e b y  r e l e a s i n g  p h o t o e l e c t r o n s  whose e n e r g y  is  

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

and i n n e r  o r b i t a l .  The d e t e c t i o n  and o b s e r v a t i o n  o f  t h e s e  

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

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

Although t h e  t h e o r y  h a s  been  w e l l  d e v e l o p e d  and  may be 

found i n  d e t a i l  e l s e w h e r e  (33 ,34 ,35 )  a few o f  t h e  more 

i m p o r t a n t  f e a t u r e s  merit d i s c u s s i o n .  

I n  t h e o r y ,  a  vacancy  may be c r e a t e d  i n  any  of  t h e  

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

o f  an  e n e r g y  l o s s  by any  e l e c t r o n  p o s s e s s i n g  more e n e r g y .  



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

f a v o u r  K - s h e l l  v a c a n c i e s  w i t h  t h e  r e s u l t  t h a t  t h e  m o s t  

f r e q u e n t  t r a n s i t i o n  ( 8 0 % )  w i l l  b e  t h e  L+K, r e s u l t i n g  i n  Ka 

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

t r a n s i t i o n s ,  o t h e r  t r a n s i t i o n s  a l s o  commonly o c c u r  and  some 

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

One o f  t h e  more i m p o r t a n t  c o n s i d e r a t i o n s  i n  X R F  is 

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

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

o n l y  t h e  f i r s t  o f  t h e s e  i s  w i d e l y  u s e d  a n d  u n d e r s t o o d  ( 3 6 ) .  

I n  o r d e r  f o r  a n  e l e c t r o n  t o  b e  e j e c t e d  f r o m  i t s  

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

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

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

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

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 ,  t h a t  is ,  t h e  ' s t o p p i n g  

p o w e r '  o f  a n  e l e m e n t .  I f  s e v e r a l  e l e m e n t s  a r e  t o  b e  

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

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

e l e m e n t s  o f  i n t e r e s t .  T h i s  h o w e v e r ,  is n o t  t h e  o n l y  



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

r a d i a t i o n  is t o o  g r e a t ,  t h e  p h o t o n s  may b e  t o o  e n e r g e t i c  t o  

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

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

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

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

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

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

a b o v e  c o n s i d e r a t i o n s ,  i t  is f o u n d  t h a t  t h e  opt imum c o n d i t i o n s  

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

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

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

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

Not  e v e r y  x - r a y  p r o d u c e d  i s  d e t e c t e d .  T h r e e  m a j o r  

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

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

e l e c t r o n s ,  compton  s c a t t e r i n g  a n d  r a y l e i g h  s c a t t e r i n g .  

The f i r s t  o f  t h e s e  i n v o l v e s  t h e  r e a b s o r p t i o n  o f  a n  

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

v a c a n c y  i n  a  h i g h e r  e n e r g y  l e v e l .  T h u s  two  h i g h e r  l e v e l  



v a c a n c i e s  a r e  c r e a t e d .  T h i s  is  a  s i g n i f i c a n t  phenomenon 

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

y i e l d ,  w ; where w e q u a l s  t h e  r a t i o  o f  t h e  number o f  e m i t t e d  

x - r ays  t o  t h e  number o f  v a c a n c i e s  c r e a t e d .  T y p i c a l l y ,  t h e  

f l u o r e s c e n t  y i e l d  r a n g e s  f rom 1% f o r  low Z e l e m e n t s  t o  a b o u t  

10% f o r  h i g h e r  Z e l e m e n t s  ( 3 3 , 3 7 ) .  

Compton ( i n e l a s t i c  o r  i n c o h e r e n t )  s c a t t e r  r e s u l t s  

when a n  x - r a y  i n t e r a c t s  w i t h  a  l o o s e l y  bound o u t e r  e l e c t r o n  

from a n o t h e r  atom. I n  a c c o r d a n c e  w i t h  t h e  c o n s e r v a t i o n  o f  ' 

e n e r g y  and momentum, t h e  x - r a y  is d e f l e c t e d  a t  a n  a n g l e  8 and 

w i t h  e n e r g y  E ( s c a t )  i E ( i n i t ) .  The e n e r g y  o f  t h e  r e c o i l i n g  

pho ton ,  t h e r e f o r e ,  w i l l  be  a  f u n c t i o n  o f  t h e  i n i t i a l  e n e r g y  

and o f  t h e  s c a t t e r i n g  a n g l e .  I t  is e v i d e n t  t h a t  t h e  more 

l o o s e l y  bound t h e  e l e c t r o n s  p r e s e n t  ( h i g h e r  Z ) ,  t h e  g r e a t e r  

t h e  p r o b a b i l i t y  f o r  t h i s  p r o c e s s  t o  o c c u r .  Thus  t h e  compton 

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

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

t a r g e t .  Fo r  t h e  same r e a s o n ,  i t  is a l s o  t h e  m a j o r  s o u r c e  o f  

background ' n o i s e  ' f rom t h e  sample .  



R a y l e i g h  ( e l a s t i c  o r  c o h e r e n t )  s c a t t e r  i s  t h e  t h i r d  

p r o c e s s  which c o n t r i b u t e s  t o - t h e  o v e r a l l  a b s o r p t i o n  e f f e c t s .  

T h i s  i n v o l v e s  t h e  i n t e r a c t i o n  o f  a n  i n c i d e n t  x - ray  w i t h  

t i g h t l y  bound e l e c t r o n s  o f  a  n e i g h b o u r i n g  atom. I n  s u c h  a 

s i t u a t i o n  t h e  e l e c t r o n s  a r e  n o t  d i s l o d g e d  and t h e  x - r ay  is 

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

p r o c e s s  t h u s  r e s u l t s  i n  a  peak which r e f l e c t s  t h e  o v e r a l l  

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

t i g h t l y  bound i n n e r  e l e c t r o n s  a r e  t h o s e  a s s o c i a t e d  w i t h  t h e  

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

w i l l  be  more i m p o r t a n t  f o r  t h e  h i g h e r  Z e l e m e n t s .  T h i s  

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

o r b i t a l  e l e c t r o n s  e x c e e d s  t h e  i n c i d e n t  x - ray  e n e r g y .  Thus 

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

a t o m i c  mass  o f  t h e  s ample  ( 3 8 , 3 9 ) .  

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

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

sample  and o f  t h e  s y s t e m .  T h a t  is ,  t h e  R/C v a l u e  s h o u l d  

i n c r e a s e  a s :  1. t h e  i n c i d e n t  x - ray  e n e r g y  is  d e c r e a s e d  

(more e l a s t i c  p r o c e s s e s  o c c u r ) ,  2 .  t h e  a t o m i c  number 
2 

i n c r e a s e s  ( r a y l e i g h  s c a t t e r i n g  a Z  whereas  compton 



s c a t t e r i n g  a Z ) ,  3 .  t h e  a n g l e  o f  i n c o h e r e n t  s c a t t e r  d e c r e a s e s  

( f e w e r  compton  s c a t t e r e d  x - r a y s  w i l l  b e  d e t e c t e d  s i n c e  m o s t  

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

An i n v e s t i g a t i o n  o f  t h i s  r a t i o  u s i n g  t h e  Simon 

F r a s e r  U n i v e r s i t y  s y s t e m  showed v a l u e s  o f  0 . 5 2 0  f o r  CaC03  

which  is a  l o w  Z s u b s t a n c e  t o  3 . 0 2  f o r  t.he h i g h e r  Z 

s u b s t a n c e ,  P b ( N 0 3 ) * .  

A b s o r p t i o n  a n d  e n h a n c e m e n t  e f f e c t s  a l s o  i n • ’  l u e n c e  t h e  X R F  

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

and a r i s e  f r o m  t h e  f o l l o w i n g  phenomena:  

1. The a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  m a t r i x  may b e  

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

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

d e t e c t e d .  

2 .  The a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  m a t r i x  may b e  

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

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

e f f i c i e n t l y  d e t e c t e d .  



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

i n t e r e s t  may b e  s u c h  t h a t  t h e  x - r a y s  e m i t t e d  b y  t h e  m a t r i x  

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

x - r a y  s o u r c e  f o r  t h a t  e l e m e n t ,  t h u s  e n h a n c i n g  i t s  e f f e c t .  

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

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

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

2 . 2  I n s t r u m e n t a t i o n  

I n  g e n e r a l ,  two b a s i c  t y p e s  o f  x - r a y  f l u o r e s c e n c e  , 

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

i n  w h i c h  t h e  r e s u l t i n g  x - r a y s  a r e  d e t e c t e d  b y  m e a s u r i n g  

t h e i r  w a v e l e n g t h s  and  e n e r g y  d i s p e r s i v e ,  i n  w h i c h  t h e  

e n e r g y  o f  t h e  r e s u l t i n g  x - r a y  i s  m e a s u r e d .  The l a t t e r  

o f  t h e s e  is a  more r e c e n t  i n n o v a t i o n  made p o s s i b l e  b y  t h e  

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

The  i n s t r u m e n t  u s e d  i n  t h i s  s t u d y  was  a n  e n e r g y  

d i s p e r s i v e  s y s t e m  m a n u f a c t u r e d  b y  t h e  Kevex  ~ o r p o r a t Z o n .  A 

s c h e m a t i c  i s  shown i n  f i g u r e  1. A few o f  t h e  more  s a l i e n t  

f e a t u r e s  b e a r  d i s c u s s i o n .  



F i g u r e  1 

A S c h e m a t i c  R e p r e s e n t a t i o n  o f  t h e  S e c o n d a r y  T a r g e t  

X-ray F l u o r e s c e n c e  System.  
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I n  o r d e r  f o r  f l u o r e s c e n c e  t o  o c c u r ,  v a c a n c i e s  must 

be c r e a t e d  i n  t h e  i n n e r  o r b i t a l s  o f  a n  a tom.  A s  d i s c u s s e d  

i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  most  commonly used  t e c h n i q u e  is 

t o  u se  e l e c t r o m a g n e t i c  r a d i a t i o n .  T h i s  may be  accompl i shed  

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

a  s e c o n d a r y  e x c i t a t i o n  s y s t e m .  The s e c o n d a r y  e x c i t a t i o n  

sys t em h a s  d e f i n i t e  a d v a n t a g e s  ( 4 0 )  and was t h e  method 

employed f o r  t h i s  s t u d y .  

A Au t a r g e t  x - ray  t u b e  was used  a s  t h e  p r i m a r y  

r a d i a t i o n  s o u r c e .  T h i s  p r o d u c e s  an  e n e r g y  con t inuum a n d ,  

f o r  r e a s o n s  d i s c u s s e d ,  is n o t  s u i t a b l e  a s  a  f l u o r e s c e n t  

s o u r c e  f o r  t h e  s ample .  I n  o r d e r  t o  p r o d u c e  n e a r l y  

monochromatic  r a d i a t i o n ,  t h e  beam is  d i r e c t e d  t o  a  s e c o n d a r y  

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

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

t h i s  m a t e r i a l .  F i g u r e  2 shows p l o t s  o f  t h e  r e l a t i v e  

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

s e c o n d a r y  t a r g e t s .  From t h e s e  i t  is e v i d e n t  t h a t  t h e  

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

i n t e r e s t  i n  mind i n  o r d e r  t o  o b t a i n  t h e  g r e a t e s t  d e g r e e  o f  

s e n s i t i v i t y .  A s e c o n d a r y  Mo t a r g e t  was s e l e c t e d  f o r  a l l  

a n a l y s e s  i n  t h i s  s t u d y  s i n c e  i t  was found  t h a t  a  s i g n i f i c a n t  

number o f  t r a c e  e l e m e n t s  i n  c o a l  were  e x c i t e d  by  t h e  K (a 

and ) x - r a y s  o f  M o .  
I 



Figure 2 

Relative Probability for Characteristic X-ray 

Production by Mono-energetic Photons. 
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A Mo f o i l  was  u s e d  t o  f i l t e r  o u t  t h e  b r e m s s t r a h l u n g  

r a d i a t i o n  a t  h i g h e r  e n e r g y  t h a n  t h e  s e c o n d a r y  t a r g e t  Ka 

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

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

b u t  is f a i r l y  t r a n s p a r e n t  t o  l o w e r  e n e r g y  p h o t o n s .  The 

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

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

s a m p l i n g  t i m e  o f  t w e n t y  m i n u t e s  ( r e a l  t ime)  was  u s e d  

t h r o u g h o u t  t h i s  s t u d y .  

The x - r a y s  p r o d u c e d  a r e  d e t e c t e d  u s i n g  a  S i ( L i )  

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

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

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

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

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

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

i n c i d e n t  x - r a y $  o v e r  a  w i d e  e n e r g y  r a n g e  i n  a t r u l y  

m u l t i e l e m e n t  f a s h i o n .  



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

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

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

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

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

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

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

A n a l y s i s  u s i n g  e n e r g y  d i s p e r s i o n  d i f f e r s  somewhat  

f r o m  t h e  o l d e r ,  more  c o n v e n t i o n a l  s y s t e m  i n  w h i c h  t h e  x - r a y s  

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

c r y s t a l  t h r o u g h  s u c c e s s i v e  a n g l e s .  A s  a  r e s u l t ,  t h e  

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

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

I n  t h e  p r e s e n t  s t u d y ,  t h e  r e s u l t a n t  s p e c t r u m  is 

a c c u m m u l a t e d  i n  400 c h a n n e l  g r o u p s  i n  a  V i c t o r e e n  S c i p p  

Model 104TP m u l t i c h a n n e l  a n a l y z e r .  From h e r e  i t  is 

t r a n s f e r r e d  t o  m a g n e t i c  t a p e  a n d  p r o c e s s e d  u s i n g  t h e  I B M  370 

c o m p u t e r  a t  SFU. A t y p i c a l  c o a l  s p e c t r u m  is  shown i n  f i g u r e  

3.  A t a b l e  o f  a b s o r p t i o n  e d g e  a n d  t r a n s i t i o n  e n e r g i e s  f o r  

s e l e c t e d  e l e m e n t s  is g i v e n  i n  t a b l e  11. 



F i g u r e  3 

T y p i c a l  X R F  Spec t rum o f  NBS 1 6 3 2  Coa l .  
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Table 11. Absorption edge and t r a n s i t i o n  e n e r g i e s  for  s e l e c t e d  e lements .  

Element Line (KeV) 

K(ab) 
1 KB La B 



A summary of  t h e  XRF o p e r a t i n g  c o n d i t i o n s  is g i v e n  

below. 

X-ray t u b e  s e t t i n g :  40 KeV; 30 mA 

S e c o n d a r y  t a r g e t  and f i l t e r :  Mo w i t h  Mo f o i l  

C o u n t i n g  t ime :  20 m i n u t e s  (no  dead  t i m e  c o r r e c t i o n )  

D e t e c t o r  r e s o l u t i o n :  446 e V .  a t  4.06 KeV 

2.3 Sample L o c a t i o n  and C o l l e c t i o n  

I n  o r d e r  t o  o b t a i n  a  r e p r e s e n t a t i v e  s a m p l i n g  o f  

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

s o u r c e s .  The m a j o r i t y  p r o v i d e d  by t h e  B.C.  M i n i s t r y  of  

Energy,  Mines  and P e t r o l e u m  R e s o u r c e s  were  t a k e n  f rom t h e  

s o u t h e a s t e r n  c o r n e r  o f  B . C .  a s  shown i n  f i g u r e  4 .  A g r e a t  

d e a l  o f  g e o l o g i c  and min ing  s u r v e y  work h a s  b e e n  , done  i n  

t h i s  a r e a .  Thus ,  a l a r g e  number o f  s a m p l e s  a l o n g  w i t h  some 

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

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

These came f r o m  f i v e  d i f f e r e n t  l o c a t i o n  s i t e s  ( f i g u r e  5 ) .  

The t h i r t y  s i x  s a m p l e s  t a k e n  f rom t h e  Sparwood R i d g e  a r e a  

were f u r t h e r  c l a s s i f i e d  a c c o r d i n g  t o  t h e  c o a l  seams from 



F i g u r e  4 

G e n e r a l  L o c a t i o n  o f  C r o w s n e s t  a n d  H a t  C r e e k  C o a l f i e l d s  

i n  B r i t i s h  C o l u m b i a .  





F i g u r e  5 

L o c a t i o n s  o f  F i v e  S a m p l i n g  A r e a s  i n  t h e  C r o w s n e s t  

C o a l f i e l d .  



i Ridge 



which t h e y  came. A c t u a l  s ample  l o c a t i o n s  f o r  t h i s  

a r e a  a r e  shown i n  f i g u r e  6 and  r e p r e s e n t  a n  a r e a  o f  

a p p r o x i m a t e l y  20  s q u a r e  km. The l a b e l l i n g  o f  t h e  s a m p l e  
.- 

i d e n t i f i e s  t h e  seam f r o m  which i t  was t a k e n  f o l l o w e d  by  a n  

i d e n t i f i c a t i o n  number. The seam numbers were q u a l i t a t i v e l y  

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

s t u d i e s .  The i d e n t i f i c a t i o n  number is a r b i t r a r i l y  a s s i g n e d ,  

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

c o l l e c t e d .  The numbers  g i v e n  h e r e  c o r r e s p o n d  t o  t h o s e  used 

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

o b t a i n e d  i f  r e q u i r e d .  Gaps i n  e i t h e r  t h e  seam number o r  t h e  

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

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

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

t h e  C r o w s n e s t  Region  come f rom d i f f e r e n t  c o a l  o u t c r o p s  and 

were used t o  r e p r e s e n t  d i f f e r e n t  c o a l  c o l l e c t i o n  l o c a t i o n s .  

I n  f a c t ,  w h i l e  s i t e s  3 and 4 a r e  f rom s e p a r a t e  o u t c r o p p i n g s ,  

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

c o n n e c t e d .  The number ing  s y s t e m  used t o  i d e n t i f y  t h e  

s a m p l e s  o t h e r  t h a n  t h o s e  f rom t h e  Sparwood R idge  a r e a  is 

c o m p l e t e l y  a r b i t r a r y .  



F i g u r e  6 

D e t a i l e d  Map o f  Sparwood Ridge  Area Showing Seams and 

Sampling L o c a t i o n s  With S e l e c t e d  Sample S i t e s  L a b e l l e d .  
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A l l  c o a l  s a m p l e s  f rom t h e  Crowsnes t  C o a l . f i e l d  were 

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

f r e s h l y  exposed  seams.  T h i s  was done by c h i p p i n g  away a b o u t  

30 cm o f  t h e  w e a t h e r e d  s u r f a c e  w i t h  a  s p a d e .  The s a m p l e  was 

t h e n  c o l l e c t e d  a s  a  c o n t i n u o u s  c h a n n e l  o f  a b o u t  4 cm wide  

and 2 cm d e e p  f rom t h e  newly opened s u r f a c e .  The c h i p s  were 

q u a r t e r e d  and  c r u s h e d  t o  -70 mesh. The screened-  c o a l  was 

r e q u a r t e r e d  t o  p r o v i d e  a  r e p r e s e n t a t i v ' e  s a m p l e  f rom a  

p a r t i c u l a r  s a m p l i n g  s i t e .  From t h i s  r e p r e s e n t a t i v e  s a m p l e ,  

a b o u t  10  g rams  was scooped  i n t o  a  c l e a n  l a b e l l e d  b o t t l e  t o  

be used a s  t h e  a n a l y s i s  s ample  f o r  t h i s  s t u d y .  T h i s  was t h e  

form i n  which  i t  was o b t a i n e d  f rom t h e  M i n i s t r y  of  Ene rgy ,  

Mines and P e t r o l e u m  R e s o u r c e s .  

S i n c e  Hat  Creek  h a s  become an  e c o n o m i c a l l y  i m p o r t a n t  

c o a l  s o u r c e  i n  B .C . ,  i t  was d e c i d e d  t o  u se  t h i s  c o a l  a s  an  

a d d i t i o n a l  s a m p l e  s o u r c e .  Three  s a m p l e s  were o b t a i n e d  f rom 

t h e  Hat C r e e k  c o a l  r e s e r v e  w e s t  o f  Cache C r e e k ,  B.C., 

( f i g u r e  4 )  . These  r e p r e s e n t  t h r e e  i n d i v i d u a l  s a m p l e  s i t e s  

s e p a r a t e d  b y  a p p r o x i m a t e l y  1 km . These s a m p l e s  were  

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

t h a n  a s  c h a n n e l  s a m p l e s .  The c o r e s  were washed t h e n  c u t  



w i t h  a  diamond saw. One h a l f  o f  t h e  c o r e  was c r u s h e d  t o  

-100 mesh, mixed and q u a r t e r e d .  A p p r o x i m a t e l y  100 grams o f  

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

The c o l l e c t i o n  method used  f o r  t h e  Hat  Creek c o a l  

r e s u l t s  i n  a  s ample  which may be a  c o m p o s i t e  o f  more t h a n  

one seam. The t h r e e  s a m p l e s  t h e r e f o r e ,  were  t a k e n  t o  

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

i n d i v i d u a l  seams.  

Two a d d i t i o n a l  s e t s  o f  s a m p l e s  were  used  i n  t h i s  

s t u d y .  R e c e n t l y ,  t h e  N a t i o n a l  Bureau  o f  S t a n d a r d s  h a s  

c e r t i f i e d  t h r e e  c o a l  s t a n d a r d s .  ( A t  t h e  o u t s e t  o f  t h i s  

p r o j e c t ,  o n l y  one o f  t h e s e  was a v a i l a b l e . )  The N a t i o n a l  

Bureau o f  S t a n d a r d s  ASTM c o a l  1632 formed t h e  b a s i s  o f  t h e  

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

An e x t e n s i v e  s t u d y  c a r r i e d  o u t  i n  I l l i n o i s  r e s u l t e d  

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

number o f  s a m p l e s  f rom v a r i o u s  a r e a s  i n  t h e  U n i t e d  S t a t e s .  

F i v e  of  t h e  c o a l  s a m p l e s  were o b t a i n e d  a l o n g  w i t h  

d o c u m e n t a t i o n  of  t h e i r  t r a c e  e l e m e n t  c o n t e n t  f o r  45  . 



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

s a m p l e s ,  t h e y  s e r v e d  a s  a check  o f  t h e  a c c u r a c y  of  t h e  

q u a n t i t a t i v e  d e t e r m i n a t i o n s  pe r fo rmed  i n  t h i s  s t u d y .  

Approx ima te ly  5 grams o f  p u l v e r i z e d  c o a l  was o b t a i n e d  f o r  

e a c h  o f  t h e  f i v e  s a m p l e s .  

2 .4  Sample P r e p a r a t i o n  

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

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

q u a l i t a t i v e  i n f o r m a t i o n  c a n  be o b t a i n e d  q u i c k l y  w i t h  l i t t l e  

o r  no sample  p r e p a r a t i o n .  However, i f  m e a n i n g f u l  

q u a n t i t a t i v e  i n f o r m a t i o n  i s  t o  be o b t a i n e d ,  p r e p a r a t i o n  and 

s t a n d a r d i z a t i o n  o f  t h e  s a m p l e s  is n e c e s s a r y .  I n  f a c t ,  t h e  

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

d e t e r m i n a t i o n s .  The major  c o n s i d e r a t i o n s  w i t h  r e g a r d  t o  t h e  

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

s amples ,  p a r t i c l e  s i z e .  

A s  p r e v i o u s l y  d i s c u s s e d ,  a  number o f  p r o c e s s e s  c a n  

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

t h e  sample  i t s e l f .  T h i s  i m p l i e s  t h a t  t h e  i n t e n s i t y  of  a  



g i v e n  s p e c t r a l  peak  w i l l  v a r y  a s  a  f u n c t i o n  o f  t h e  a v e r a g e  Z 

of t h e  m a t r i x .  T h a t  i s ,  i t  w i l l  b e  a f f e c t e d  by  a l l  o f  t h e  

e l e m e n t s  which  go i n t o  t h e  makeup o f  t h e  s ample .  T h i s  

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

m u l t i e l e m e n t  q u a n t i t a t i v e  s t u d i e s .  

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

t h e  c o n c e n t r a t i o n  of  a  g i v e n  e l e m e n t  d i r e c t l y  f rom peak  

i n t e n s i t i e s ,  t h i s  a l s o  r e q u i r e s  p r i o r  knowledge o f  t h e  

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

P r a c t i c a l l y ,  however ,  d e t e r m i n a t i o n  o f  t h e  amount o f  a n  

e l emen t  p r e s e n t  n o r m a l l y  r e q u i r e s  t h e  compar i son  w i t h  a 

s t a n d a r d  o f  known c o m p o s i t i o n .  Three  a p p r o a c h e s  a r e  

p o s s i b l e :  

1. I f  t h e  s a m p l e s  and s t a n d a r d  have  v e r y  d i f f e r e n t  

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

f o r  t h e  d i f f e r e n t  a b s o r p t i o n  e f f e c t s .  T h i s  method h a s  been  

w i d e l y  i n v e s t i g a t e d  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  

( 4 1 , 4 2 , 4 3 , 4 4 ) .  For t h e  most  p a r t ,  t h i s  a p p r o a c h  r e q u i r e s  a  

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

samples  a s  w e l l  a s  a  knowledge o f  t h e  v a l u e s  r e l a t i n g  

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

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



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

d i l u t e  t h e  s a m p l e  ( 4 5 ) .  The m a t r i x  e f f e c t s  d u e  t o  t h e  

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

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

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

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

a n a l y s i s .  

3.  Whenever  p o s s i b l e ,  t h e  m a t r i x  o f  a l l  s a m p l e s  and  

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

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

e f f e c t s  s h o u l d  a l s o  b e  t h e  same .  The s l i g h t  f l u c t u a t i o n  i n  

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

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

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

i f  a  r e a s o n a b l y  c o n s t a n t  R/C r a t i o  i s  o b t a i n e d  f o r  a l l  

s a m p l e s  u s e d .  

The t h i r d  method was  t h e  o n e  u s e d  f o r  t h i s  s t u d y .  

The R/C  r a t i o  r a n g e d  f r o m  .46-.70 which  r e p r e s e n t s  a m i n o r  

o v e r a l l  c h a n g e  i n  v i e w  o f  t h e  r a n g e  o b s e r v e d  b e t w e e n  CaC03 

and  P b  ( N O  3 )  . 



For q u a n t i t a t i v e  and s e m i - q u a n t i t a t i v e  a n a l y s i s ,  

a d v a n t a g e  c a n  a l s o  be made o f  t h e  f a c t  t h a t  t h e  i n t e n s i t y  o f  

t h e  s p e c t r a l  background v a r i e s  l i n e a r l y  w i t h  t h e  compton 

s c a t t e r  r a d i a t i o n .  T h i s  peak  c a n  be  used  a s  a n  i n t e r n a l  

c o r r e c t i o n  s t a n d a r d  t o  compensa t e  f o r  any  m a t r i x  a b s o r p t i o n  

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

i n s t r u m e n t  and d e t e c t o r  n o i s e ,  sample  p o s i t i o n i n g  and x - r ay  

t u b e  c u r r e n t  f l u c t u a t i o n s .  

T h i s  app roach  was t a k e n  i n  t h i s  s t u d y .  The a r e a  of  

t h e  compton peak f o r  e a c h  sample  was e s t i m a t e d  by a d d i n g  

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

peak maximum. T h i s  p r o c e d u r e  was used  i n  v iew o f  t h e  f a c t  

t h a t  t h e  compton peak i s  g a u s s i a n  i n  s h a p e  and c o n s t i t u t e s  

t h e  m a j o r i t y  o f  t h e  p u l s e s  making up t h e  s p e c t r u m .  

T y p i c a l l y  a  s i n g l e  c h a n n e l  a t  t h e  peak maximum c o n t a i n s  10 

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

2 n e t  peak a r e a  may be i n  t h e  o r d e r  o f  10  . A s  s u c h ,  a  f i v e  

channe lxband  is  p r o p o r t i o n a l  t o  t h e  t o t a l  peak  a r e a  w h i l e  

g i v i n g  v a l u e s  which a r e  n o t  t o o  unwie ldy .  The peak a r e a  of  

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

by d i v i d i n g  t h e  t o t a l  number o f  c o u n t s  i n  t h e  peak by t h e  

number o f  c o u n t s  i n  t h e  compton peak .  



With r e g a r d  t o  t h e  p r e p a r a t i o n  o f  t h e  s ample  i t s e l f ,  

c o n s i d e r a t i o n  must  b e  g i v e n  t o  t h e  g r a i n  s i z e  o f  t h e  s o l i d  

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

amount o f  m a t e r i a l  ( t h i c k n e s s )  u s e d .  These  t h r e e  f a c t o r s  

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

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

G r a i n  s i z e  and s u r f a c e  e f f e c t s  have  b e e n  s t u d i e d  

e x t e n s i v e l y  ( 4 6 , 4 7 ) .  The volume o f  sample  which c o n t r i b u t e s  

t o  t h e  measured  r a d i a t i o n  is  d e p e n d e n t  upon t h e  p e n e t r a t i o n  

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

t h e  e n e r g y  o f  t h e  i n c i d e n t  x - r ays  and t h e  m a t r i x  o f  t h e  

sample .  T h i s  r e q u i r e s  t h a t  t h e  spec imen  t o  be  a n a l y z e d  b e  

c o m p l e t e l y  homogeneous s i n c e ,  i f  c o m p o s i t i o n a l  v a r i a t i o n s  i n  

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

r e p r e s e n t a t i v e  o f  t h e  sample .  C o n s e q u e n t l y ,  t h e  p a r t i c l e  
- 

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

t h e  e f f e c t i v e  p e n e t r a t i o n  d e p t h  ( 4 8 ) .  For  l o w e r  a t o m i c  

we igh t  e l e m e n t s ,  t h i s  g e n e r a l l y  r e q u i r e s  p u l v e r i z i n g  t o  5-50 

urn (-300 mesh ) .  



Although s o l i d  s a m p l e s  c a n  be  a n a l y s e d  i n  t h e  form 

of  f i n e l y  ground powders ,  p roblems e n c o u n t e r e d  w i t h  uneven 

s u r f a c e s  mus t  b e  c o n s i d e r e d .  The uneven t e x t u r e  i n  a  s ample  

w i l l  r e s u l t  i n  a  s h i e l d i n g  e f f e c t  s u c h  t h a t ,  i n  some c a s e s ,  

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

c e r t a i n  p o i n t s  i n  t h e  sample  w h i l e  i n  o t h e r s  t h e  

c h a r a c t e r i s t i c  x - r a y  from a n  e l e m e n t  may be  b l o c k e d  f rom 

l e a v i n g  t h e  m a t r i x .  One method o f  e l i m i n a t i n g  s u c h  an  

e f f e c t  is t o  p r e s s  a  weighed amount o f  m a t e r i a l  i n t o  a n  even  

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

an  e a s i l y  h a n d l e d  u n i f o r m  sample .  A s  a  r e s u l t ,  sample  

o r i e n t a t i o n  e r r o r s  s h o u l d  b e  a t  a minimum. 

The l a s e  f a c t o r  which b e a r s  c o n s i d e r a t i o n  is  t h e  

t h i c k n e s s  o f  t h e  s ample .  For a  s ample  o f  c o n s t a n t  

c o m p o s i t i o n ,  t h e  i n t e n s i t y  o f  a  c h a r a c t e r i s t i c  x - r ay  w i l l  

v a r y  w i t h  t h e  s a m p l e  t h i c k n e s s .  The s p e c t r a l  x - r ay  

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

o c c u r s  a t  which p o i n t  f u r t h e r  i n c r e a s e  i n  t h i c k n e s s  h a s  no  

e f f e c t  on t h e  l i n e  i n t e n s i t i e s .  T h i s  is r e f e r r e d ' t o  a s  t h e  

c r i t i c a l  o r  i n f i n i t e  t h i c k n e s s  o f  t h e  s a m p l e .  The i n f i n i t e  

t h i c k n e s s  c a n  be e x p r e s s e d  a s  



w h e r e  : 

It = a n a l y t e  l i n e  i n t e n s i t y  f r o m  a  f i l m  o f  

t h i c k n e s s  t ( c m )  

I 
m 

= a n a l y t e  i n t e n s i t y  f r o m  a  f i l m  o f  

i n f i n i t e  t h i c k n e s s  ( c m )  

p/p = t h e  t o t a l  m a s s  a b s o r p t i o n  c o e f f i c i e n t  ( c m  / g )  

P = d e n s i t y  (g/cm ) 

t = t h i c k n e s s  o f  f i l m  ( c m )  

S i n c e  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  is a  f u n c t i o n  

o f  t h e  Z o f  a n  e l e m e n t ,  i.t f o l l o w s  t h a t  t h e  i n f i n i t e  

t h i c k n e s s  is d i f f e r e n t  f o r  e a c h  e l e m e n t .  A p l o t  o f  I t / I ,  

v e r s u s  mass  is  shown i n  f i g u r e  7. M o r e o v e r ,  a s  t h i c k n e s s  

i n c r e a s e s ,  s o  do  e n h a n c e m e n t -  a b s o r p t i o n  e f f e c t s .  T h a t  is ,  

s e n s i t i v i t y  d e c r e a s e s  a s  i n f i n i t e  t h i c k n e s s  is a p p r o a c h e d .  

~t f o l l o w s ,  t h e r e f o r e ,  t h a t  n o  a d v a n t a g e  is  g a i n e d  b y  h a v i n g  

s a m p l e s  g r e a t e r  t h a n  t h e  c r i t i c a l  t h i c k n e s s .  



F i g u r e  7 

R e l a t i o n s h i p  B e t w e e n  t h e  I n t e n s i t y  R a t i o  and  

Sample  Mass .  





Absorp t ion-enhancement  e f f e c t s  a l l  b u t  d i s a p p e a r  a s  

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

t h a t  f o r  v e r y  t h i n  s a m p l e s ,  x - r ay  l i n e  i n t e n s i t i e s  v a r y  

l i n e a r l y  w i t h  c o n c e n t r a t i o n  (33,49,50) . T h i s  however p o s e s  

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

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

e l e m e n t s  c a n  be r educed  t o  below t h e  d e t e c t i o n  l i m i t .  A s  a  

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

compromise b e t w e e n  t h e  v a r i o u s  f a c t o r s  and is found 

somewhere i n  t h e  mid range .  

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

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

t e c h n i q u e s .  The f i r s t  s t e p  i n  t h e  p r o c e d u r e  was t o  r e d u c e  

t h e  g r a i n  s i z e  o f  t h e  s a m p l e s  t o  < 50 u m .  S e v e r a l  g r i n d i n g  

u n i t s  were a v a i l a b l e ;  s t a i n l e s s  s t e e l ,  p l a s t i c  v i a l s  

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

The f i r s t  two o f  t h e s e  p roved  u n s a t i s f a c t o r y .  

S t a i n l e s s  s t e e l  was found t o  c o n t a m i n a t e  t h e  

s amples .  The p l a s t i c  v i a l s  had t h e  a d v a n t a g e  o f  b e i n g  

c l e a n .  They were a l s o  d i s p o s a b l e  which meant t h a t  a  new 



v i a l  c o u l d  b e  used  f a c h  sample  and 

s t o r a g e  c o n t a i n e r  f o r '  t h e  ground c o a l .  

a l s o  p r o v i d e  t h e  

However, t h e s e  

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

p a r t i c l e s  become embedded i n  t h e  w a l l s  o f  t h e  c o n t a i n e r  

d u r i n g  t h e  g r i n d i n g  p r o c e s s .  I t  was f e a r e d  t h a t  some 

inhomogena i ty  c o u l d  r e s u l t  f rom t h i s .  F u r t h e r m o r e ,  s i n c e  

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

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

t o  a c h i e v e  t h e  d e s i r e d  r e s u l t s .  * 

The a l u m i n a - s i l i c a  v i a l  w i t h  a c e r a m i c  b a l l  p roved  

t o  be most s a t i s f a c t o r y .  The main d i s a d v a n t a g e  was t h a t  

o n l y  two v i a l s  were  a v a i l a b l e ,  T h i s  meant  t h a t  t h e  s a m p l e s  

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

had t o  be t r a n s f e r r e d  t o  c l e a n  p l a s t i c  s t o r a g e  c o n t a i n e r s  

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

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

b e i n g  r a t h e r  i n e r t ,  was d i f f i c u l t  t o  remove. The method 

d e v i s e d  was t o  f i r s t  remove a l l  l o o s e  powdered c o a l ,  The 

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

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

and p l a c e d  i n  a m u f f l e  f u r n a c e  a t  500 C. u n t i l  a l l  t r a c e s  



o f  o r g a n i c s  d i s a p p e a r e d  ( t h a t  is ,  a  minumum of  two h o u r s ) .  

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

R a t h e r  t h a n  s i e v e  e a c h  ground s a m p l e  and t h e r e b y  

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

s t a n d a r d i z e  t h e  g r i n d i n g  p r o c e s s .  A p p r o x i m a t e l y  one gram 

each  o f  t h r e e  randomly s e l e c t e d  c o a l  s a m p l e s  was 

i n d i v i d u a l l y  ground u n t i l  i t  would p a s s  t h r o u g h  a  3 0 0  mesh 

s i e v e .  The t i m e  t a k e n  t o  a c h i e v e  t h i s  d e g r e e  o f  f i n e n e s s  

was n o t e d  and a l l  r e m a i n i n g  s a m p l e s  were ground f o r  t h e  

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

one gram o f  e a c h  c o a l  s ample  was ground f o r  40 m i n u t e s .  

I n i t i a l l y ,  i t  was f e a r e d  t h a t  t h e r e  m i g h t  b e  enough 

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

a f f e c t  t h e  a b s o r p t i o n - e n h a n c e m e n t  e f f e c t s .  I t  was d e c i d e d  

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

m a t e r i a l  t o  s t a b i l i z e  t h e  m a t r i x .  B-0th s u l p h u r  and g r a p h i t e  

were t r i e d .  A number o f  p e l l e t s  o f  v a r y i n g  s i z e  and w i t h  

v a r i n g  amounts  o f  a b s o r b i n g  m a t e r i a l  were  made. T h i s  d i d  

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

c o n c e n t r a t i o n  was d i l u t e d  enough t o  make d e t e c t i o n  d i f f i c u l t  

and no s i g n i f i c a n t  improvement i n  s e n s i t i v i t y  was r e a l i z e d .  



I t  was d e c i d e d  t o  use  t h e  ground c o a l  ' a s  i s ' .  

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

p e l l e t s  made were  p h y s i c a l l y  s t r o n g  and e a s i l y  h a n d l e d  

w i t h o u t  t h e  need t o  add any  b i n d i n g  m a t e r i a l .  I t  was found 

t h a t  smooth s u r f a c e d ,  good q u a l i t y  p e l l e t s  were o b t a i n e d  

u s i n g  a  p r e s s u r e  o f  7.5 t o n s  (104  Mpa). A l l  p e l l e t s  were 

made u s i n g  a  1 3  mm d i a m e t e r  p e l l e t  p r e s s .  

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

is c r i t i c a l .  A number o f  p e l l e t s  o f  N B S  c o a l  w i t h  masses  

25,4O ,6O, 80 and 100 mg were  a n a l y z e d .  P l o t s  o f  t h e  

no rma l i zed  peak  a r e a s  o f  a  s e l e c t i o n  o f  e l e m e n t s  v e r s u s  t h e  

mass is shown i n  f i g u r e  8 .  A mass o f  40 mg was c h o s e n  a s  

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

p r e c i s i o n  and t h e  e r r o r s  i n y o l v e d  i n  t h e  s t u d y ,  t e n  40 mg 

p e l l e t s  o f  e a c h  o f  t h e  s a m p l e s  were made. The b r i q u e t t e d  

samples  were p l a c e d  i n  a n  aluminum c u p  sample  h o l d e r  w i t h  a  

t h i n  mylar  f i l m  s t r e t c h e d  o v e r  one  end t o  s u p p o r t  t h e  

sample .  The mylar  was r e p l a c e d  a f t e r  e a c h  a n a l y s i s .  A 

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

of  t h e  s ample .  A t  no t i m e  d u r i n g  t h e  s ample  p r e p a r a t i o n  was 

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



Figure 8 

Relationship Between Normalized Peak Area and 

Sample Mass for the Elements K, Ti and Sr. 
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2 . 5  S e n s i t i v i t y ,  Background and E r r o r s  

The most  w i d e l y  a c c e p t e d  d e f i n i t i o n  o f  d e t e c t i o n  

l i m i t  o r  s e n s i t i v i t y  is t h a t  amount o f  t r a c e  e l e m e n t  t h a t  

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

r o o t  o f  t h e  background i n t e n s i t y  f o r  a  s p e c i f i c  c o u n t i n g  

t ime  (47 ,51 )  . T h a t  is ,  

LLD = 

where : 

Nb = c o u n t s  f rom background 

c = c o n c e n t r a t i o n  o f  t r a c e  e l e m e n t  

Ne 
= c o u n t s  f rom e l e m e n t  

The above  e q u a t i o n  i n d i c a t e s  t h a t  t h e  d e t e c t i o n  

l i m i t  c a n  b e  min imized  by r e d u c i n g  t h e  number o f  background 

c o u n t s .  S i n c e  t h e  background r e s u l t s  f rom s u c h  f a c t o r s  a s  

t h e  s c a t t e r i n g  p r o c e s s e s ,  i t  c a n ,  t o  some e x t e n t ,  be 

c o n t r o l l e d  b u t  n o t  e l i m i n a t e d  by o p t i m i z i n g  o p e r a t i n g  

c o n d i t i o n s .  A s  i n d i c a t e d  e a r l i e r ,  t h e  a p p r o a c h  t a k e n  t o  

min imize  t h e  background e f f e c t s  was t o  n o r m a l i z e  t o  t h e  



compton p e a k .  Lower l i m i t s  o f  d e t e c t i o n  were  e v a l u a t e d  f o r  

each  o f  t h e  e l e m e n t s  o f  i n t e r e s t  and a r e  g i v e n  i n  t a b l e  111. 

An a n a l y t i c a l  s t u d y  u s i n g  any  method r e q u i r e s  a  c r i t i c a l  

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

i n  t r a c e  e l e m e n t  a n a l y s i s  where peak i n t e n s i t i e s  v e r y  n e a r  

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

i m p e r a t i v e  t h a t  random e r r o r s  be k e p t  t o  a  minimum. I f  t h e  

e r r o r s  a r e  assumed t o  be i n d e p e n d e n t  and random, t h e n  t h e  

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

c o n t r i b u t i o n s  ( 5 2 )  : 

where  : 
2 

E T 
= t o t a l  e r r o r  

2 
E N 

= c o u n t i n g  e r r o r  
2 

E 
0 

= o p e r a t i o n a l  e r r o r  d u e  t o  d r i f t  
2 

€P 
= p l a c e m e n t  e r r o r  

2 
E I = homogene i ty  e r r o r  

2 
E Pt = p r e p a r a t i o n  e r r o r  



Table 111. Lower l i m i t  of  d e t e c t i o n  f o r  elements i n  whole coal .  

Element LLD ( p p m )  1 0  



8 

Choice  o f  t h e  c o u n t i n g  t i m e  was made on t h e  b a s i s  o f  

conven ience  a s  w e l l  a s  t h e  c o u n t i n g  e r r o r .  For a  s i n g l e  

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

r e l a t i v e  c o u n t i n g  e r r o r  is g i v e n  by: 

where : 

N = a c c u m u l a t e d  c o u n t s  i n  a  peak 

I = i n t e n s i t y  o f  a peak ( c o u n t s / s )  

t = t i m e  o f  c o u n t i n g  (s )  

From t h e  above  e q u a t i o n ,  i t  is e v i d e n t  t h a t  t h e  

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

and ,  i n  p r i n c i p l e ,  may be made n e g l i g i b l y  s m a l l  f o r  

s u f f i c i e n t l y  l o n g  c o u n t i n g  t i m e s .  T h i s  however ,  is 

i m p r a c t i c a l  l e a d i n g  t o  e x c e s s i v e l y  l o n g  a n a l y s e s  w i t h  no 

c o n c o m i t a n t  g a i n .  For  example ,  d o u b l i n g  t h e  number o f  

c o u n t s  i n  a  p a r t i c u l a r  peak  f rom 5 x 1 0 ~  t o  l o 6  r e s u l t s  i n  a  

d r o p  i n  e r r o r  f rom 0.14% t o  0.10% ( a t  t h e  68.3% c o n f i d e n c e  

l e v e l )  ( 3 3 , 4 6 ) .  A c o u n t i n g  t i m e  o f  20 m i n u t e s  ( w i t h  no  d e a d  



t ime  c o r r e c t i o n  ) was c h o s e n .  T h i s  g e n e r a l l y  g i v e s  

a p p r o x i m a t e l y  1000 c o u n t s  i n  t h e  NBS c o p p e r  peak  w i t h  a  

r e s u l t i n g  2.2 % e r r o r  a t  t h e  68.3% c o n f i d e n c e  l e v e l  and 

4.5% a t  t h e  95.4% c o n f i d e n c e  l e v e l .  

An e s t i m a t e  o f  t h e  o p e r a t i o n a l  e r r o r  was made by  

a n a l y s i n g  a  s i n g l e  40 mg p e l l e t  o f  NBS s t a n d a r d  c o a l  t e n  

c o n s e c u t i v e  t i m e s .  No a d j u s t m e n t s  were made i n  e i t h e r  t h e  

o p e r a t i n g  c o n d i t i o n s  ( o t h e r  t h a n  t o  e n s u r e  t h a t  t h e y  

remained c o n s t a n t )  o r  i n  t h e  s ample  p l a c e m e n t .  The 

o p e r a t i o n a l  e r r o r  was t h e n  e s t i m a t e d  by d e t e r m i n i n g  t h e  

p r e c i s i o n  o f  a n a l y s i s  u s i n g  two t r a c e  e l e m e n t s :  Fe and Cu. 

The r e s u l t s  o f  t e n  d e t e r m i n a t i o n s  showed a n  e r r o r  o f  .24% 

f o r  t h e  n o r m a l i z e d  Fe peak and a n  e r r o r  o f  2.1% f o r  t h e  Cu 

peak.  

Spec imen p l a c e m e n t  e r r o r  was a l s o  i n v e s t i g a t e d .  A s  

above ,  a s i n g l e  40 mg p e l l e t  was a n a l y s e d  t e n  t i m e s .  

However, be tween  each  a n a l y s i s ,  t h e  s ample  was removed f rom 

t h e  sample  h o l d e r  and r e l o a d e d  t h e r e b y  c h a n g i n g  t h e  

o r i e n t a t i o n  and  p r e c i s e  p l a c e m e n t  i n  t h e  cup .  The p r e c i s i o n  

o f  t h e  a n a l y s e s  was a g a i n  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  Fe 



and Cu peak i n t e n s i t i e s .  The e r r o r s  o b t a i n e d  f o r  t h e  

n o r m a l i z e d  peak  a r e a s  were 2 . 8 %  and 10 .9% f o r  Fe  and C u  

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

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

d i s c u s s e d  above  a c c o r d i n g  t o  e q u a t i o n  3.  

A s  o u t l i n e d  i n  t h e  s ample  p r e p a r a t i o n  s e c t i o n ,  much 

c a r e  was g i v e n  t o  e n s u r e  a s  c o n s i s t e n t  and homogeneous a  

sample  a s  p o s s i b l e .  T h i s  is e s t i m a t e d  t o  be t h e  g r e a t e s t  

s o u r c e  of  i n d i v i d u a l  e r r o r  i n  t h a t  some o f  t h e  v a r i a t i o n  

must  a r i s e  f rom t h e  f a c t  t h a t  when d e a l i n g  w i t h  t r a c e  

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

them t o  be d i s t r i b u t e d  c o m p l e t e l y  homogenously t h r o u g h o u t  

t h e  sample .  E v a l u a t i o n  o f  sample  e r r o r s  was made by 

p r e p a r i n g  and a n a l y z i n g  t e n  40 mg p e l l e t s  o f  e a c h  o f  t h e  

c o a l  s amples .  Throughout  t h i s  r e p o r t ,  a l l  e r r o r s  a r e  g i v e n  

a t  one  s t a n d a r d  d e v i a t i o n  based  on t e n  r e p l i c a t e d  

d e t e r m i n a t i o n s  ( e x c e p t  where o t h e r w i s e  i n d i c a t e d )  -. 



2.6 S p e c t r a l  A n a l y s i s  

The s p e c t r a l  i n f o r m a t i o n ,  i n  d i g i t a l  fo rm,  was 

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

and p r o c e s s e d  u s i n g  a n  IBM 370  computer .  F i g u r e  9 shows 

t h a t  t h e r e  is  a  l i n e a r  r e l a t i o n s h i p  be tween  t h e  e n e r g y  o f  

t h e  d e t e c t e d  p u l s e s  and t h e  c h a n n e l  i n  which  t h e y  a r e  

d i f f i c u l t  t a s k .  

Many a p p r o a c h e s  h a v  

s t o r e d .  Thus peak i d e n t i f i c a t i o n  is n o t  n o r m a l l y  a  

e  b e e n  t a k e n  t o  b e s t  r e d u  c e  t h e  

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

i n t e n s i t i e s .  The s i m p l e s t  is t o  m e r e l y  c o u n t  t h e  number 

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

maximum and s u b t r a c t  a  background v a l u e  e s t i m a t e d  by a  

s t r a i g h t  l i n e  f i t  be tween  peak minima. T h i s  method 

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

c a s e  where p e a k s  a r e  weak o r  i l l  d e f i n e d  a s  is o f t e n  t h e  

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



F i g u r e  9 

R e l a t i o n s h i p  Between E n e r g y  o f  Ka Peak  a n d  t n e  S t o r e d  

Channe l  Under  Normal O p e r a t i n g  C o n d i t i o n s .  
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A number o f  e l a b o r a t e  computer  p rograms e x i s t  f o r  

s p e c t r u m  s t r i p p i n g .  The program GAMANAL (53)  was used  f o r  

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

code  was o r i g i n a l l y  d e s i g n e d  t o  be a p p l i e d  t o  gamma-ray 

s p e c t r a .  However, t h r o u g h  a  j u d i c i o u s  c h o i c e  o f  t h e  v a r i o u s  

p a r a m e t e r s  i t  was found t o  s u c c e s s f u l l y  h a n d l e  x - r ay  

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

The a d v a n t a g e s  o f  t h i s  p rogram l i e  i n  t h e  way 

backgrounds  a r e  e s t i m a t e d  and m u l t i p l e  p e a k s  a r e  h a n d l e d .  

Background e s t i m a t i o n s  a r e  made i n  a  s e r i e s  o f  s t a g e s  i n  

which t h e  e n t i r e  s p e c t r u m  is  smoothed.  Then t h e  background 

under  a  peak  is e s t i m a t e d  u s i n g  a  smoothed s t e p  f u n c t i o n .  

Peaks  a r e  l o c a t e d  by e x a m i n i n g  b o t h  t h e  d e v i a t i o n  i n  t h e  

a c t u a l  number o f  c o u n t s  f rom t h e  background and t h e  f i r s t  

and second d e r i v a t i v e s  i n  a  peak r e g i o n .  A f i t  t o  a  peak 

is e s t i m a t e d  by  c o n s i d e r i n g  i t  t o  b e  t h e  sum o f  a  g a u s s i a n  

f u n c t i o n  and a  t r a i l i n g  t e r m .  M u l t i p l e t s  a r e  t a k e n  t o  be  

l i n e a r  c o m b i n a t i o n s  o f  more t h a n  one s u c h  p e a k .  A t y p i c a l  

f i t  showing t h e  a c t u a l  c o u n t s  and t h e  f i t t e d  c o u n t s  a s  w e l l  

a s  t h e  background e s t i m a t i o n  a r e  shown i n  f i g u r e  1 0 .  

Normal ly ,  t h e  GAMANAL program f i t t e d  a p p r o x i m a t e l y  35 peaks  

t o  a  s p e c t r u m  o f  which 1 2  were used f o r  f u r t h e r  

i n v e s t i g a t i o n s .  



F i g u r e  1 0  

F i t  o f  GAMANAL Program t o  A c t u a l  Data f o r  a T y p i c a l  

P e a k .  
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One a  r e a  o f  d i f f i c u l t y  wa e n c o u n t e r e d  when t r y i n g  

t o  f i t  x - r ay  f l u o r e s c e n c e  d a t a .  The compton peak ,  i n  

g e n e r a l ,  is t o o  b road  t o  be f i t t e d  w i t h i n  t h e  bounds  o f  t h e  

a l l owed  p a r a m e t e r s .  A s  a  r e s u l t ,  t h i s  peak was g e n e r a l l y  

' s e e n 1 '  a s  a  m u l t i p l e t  compr i sed  o f  up t o  t e n  p e a k s .  Thus ,  

f i t t e d  peak  v a l u e s  r e p o r t e d  f o r  t h e  compton ' m u l t i p l e t '  were  

n o t  u sed .  R a t h e r ,  t h e  compton s c a t t e r  peak was e v a l u a t e d  a s  

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

t a k e n  a t  t h e  peak maximum. T h i s  p r a c t i c e  was n o t  t h o u g h t  t o  

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

2.7 Q u a n t i t a t i v e  A n a l y s i s  

2 . 7 . 1  Whole Coa l  S t u d i e s  

When q u a n t i t a t i v e  a n a l y s i s  is t o  be  done  u s i n g  X R F ,  

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

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

t h e  i n t e n s i t y  o f  t h e  peak  ( 5 4 , 5 5 ) .  T h i s  means t h a t  t h i n  

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

i n t e r e s t .  The c o n c e n t r a t i o n s  i n  a n  unknown s a m p l e  c a n  b e  

d e t e r m i n e d  b y  compar i son  w i t h  t h e  s t a n d a r d s .  I f  t h e  unknown 



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

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

is some p r i o r  knowledge a b o u t  t h e  c o m p o s i t i o n  o f  t h e  s ample .  

The o t h e r  a p p r o a c h  r e q u i r e s  c o m p a r i s o n  o f  t h e  

i n t e n s i t y  o f  a n  e l e m e n t  peak i n  a  s a m p l e  w i t h  a  w e l l  

c h a r a c t e r i z e d  s t a n d a r d .  I n  v iew o f  t h e  f o r e g o i n g  d i s c u s s i o n  

on m a t r i x  e f f e c t s ,  i t  is e v i d e n t  t h a t  i t  is n e c e s s a r y  f o r  

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

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

was t h e  N B S  1632  c o a l  s t a n d a r d .  T a b l e  IV g i v e s  t h e  

c e r t i f i e d  v a l u e s  f o r  t h i s  m a t e r i a l  ( 5 6 ) .  I t  must  b e  n o t e d  

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

However, t h e  f i g u r e s  r e p o r t e d  a r e  t h e  a v e r a g e  v a l u e s  

o b t a i n e d  when t h i s  c o a l  sample  was s u b j e c t e d  t o  a  s p e c i a l l y  

conduc ted  ' r o u n d - r o b i n '  a n a l y s i s  a t  f o u r  i n d e p e n d e n t  

l a b o r a t o r i e s  (57)  . 

Al though  i t  is p o s s i b l e  t o  d i r e c t l y  compare t h e  peak 

i n t e n s i t i e s  f o r  a  g i v e n  e l e m e n t  be tween  t h e  s a m p l e  and t h e  

s t a n d a r d ,  t h i s  is a  h i g h l y  s u s p e c t  p r o c e d u r e .  T h i s  a s sumes  

t h a t  t h e  peak i n t e n s i t y  is  a  s t r i c t l y  l i n e a r  f u n c t i o n  of t h e  



Table I V .  Elemental concentra t ions  i n  NBS coa l  1632. 

- - . -. - - 

Element Concentration (vg/g) 

aAverage r e s u l t  of  a  minimum of 20 determi- 
na t ions  from four  l a b o r a t o r i e s  



c o n c e n t r a t i o n  w h i c h  is n o t  a l w a y s  t h e  c a s e .  U n l e s s  t h e  t w o  

compared i n t e n s i t i e s  a r e  v e r y  c l o s e ,  e r r o r s  c a n  r e s u l t .  A s  

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

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

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

f o l l o w e d  w i t h  c a r e .  

t 

I n  g e n e r a l ,  i t  is c o n s i d e r e d  t h a t  NBS m a t e r i a l s ,  i f  

p o s s i b l e ,  b e  u s e d  o n l y  a s  a  c h e c k  on t h e  a n a l y s i s .  However ,  

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

t o  u s e  t h e  NBS c o a l  a s  t h e  s t a n d a r d .  I n  t h e  c o u r s e  o f  t h e  

s t u d y ,  two o t h e r  c e r t i f i e d  c o a l s  w e r e  i s s u e d .  T h i s  was  t h e n  

used  t o  c h e c k  c e r t a i n  o f  t h e  r e s u l t s .  

S i n c e  c o a l  is a  s o l i d  m a t e r i a l ,  i f  c a l i b r a t i o n  

c u r v e s  a r e  t o  b e  g e n e r a t e d ,  i t  is n e c e s s a r y  t o  ' d i l u t e '  t h e  

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

t h e  a n a l y s i s  and  a l s o  would  h a v e  t h e  same m a t r i x  p r o p e r t i e s  

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

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

homogenous a n d  r e p r e s e n t a t i v e  s t a n d a r d .  



Two ' d i l u t i n g '  m a t e r i a l s  were c o n s i d e r e d ;  g r a p h i t e  

and somar ( a n  o r g a n i c  based  b i n d i n g  a g e n t  d i s t r i b u t e d  by  

Kevex C o r p , ) .  Al though b o t h  worked a d e q u a t e l y ,  l e s s  

v a r i a t i o n  i n  t h e  R/C r a t i o  and p h y s i c a l l y  more d e s i r a b l e  

p e l l e t s  were  produced  u s i n g  t h e  somar.  F i v e  grams o f  e a c h  

of 25.0% c o a l ,  50.0% c o a l ,  66 .6% c o a l  and 80.0% c o a l  were 

p r e p a r e d  u s i n g  t h e  N B S  s t a n d a r d  and t h e  somar  m a t e r i a l .  The 

p r e p a r a t i o n s  were t h o r o u g h l y  mixed ( 2 5  min )  i n  a n  a lumina -  

s i l i c a  v i  a 1  u s i n g  t h e  p r o c e d u r e  p r e v i o u s l y  d e s c r i b e d .  Ten 

40 mg p e l l e t s  o f  e a c h  o f  t h e  m i x t u r e s  and o f  p u r e  NBS c o a l  

were made and s u b s e q u e n t l y  a n a l y s e d .  The n e t  peak  

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

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

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

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

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

homogenei ty  o f  t h e  s ample  and t h u s  t h e  s u c c e s s s  o f  t h e  

mix ing  p r o c e s s .  A l i n e a r  r e g r e s s i o n  was a p p l i e d  t o  e a c h  

p l o t  r e s u l t i n g  i n  a n  e x p r e s s i o n  : 



where : 

1 = n o r m a l i z e d  peak  i n t e n s i t y  of  a n  e l e m e n t  
P 

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

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

IR = r e s i d u a l  background 

The s t a n d a r d  c a l i b r a t i o n  c u r v e s  f o r  Fe  and B r  a r e  shown i n  

f i g u r e  11. The l i n e a r  r e g r e s s i o n  e q u a t i o n s  f o r  e a c h  e l e m e n t  

a r e  g i v e n  i n  t a b l e  V. 

M u l t i p l e t s  o c c u r  when two d e t e c t e d  x - r a y s  ( eg .  Ca Ku 

and K K g  , A s  K U  and Pb  L g  , and B r  K g  and Rb K a  ) a r e  v e r y  

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

d u e  o n l y  t o  t h e  e l e m e n t  o f  i n t e r e s t ,  i t  is t h e r e f o r e  

n e c e s s a r y  t o  e i t h e r  u se  a n o t h e r  c h a r a c t e r i s t i c  peak o r  a p p l y  

a  c o r r e c t i o n  f a c t o r  t o  t h e  Ku peak i n t e n s i t y .  The second o f  

t h e s e  was u s e d  h e r e .  



F i g u r e  11 . 

S t a n d a r d  C a l i b r a t i o n  Curves  f o r  Bromine and I r o n  Using  

NBS 1 6 3 2  Coa l .  
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Table V. Calibration curves for  elements obtained by l e a s t  
squares analysis. 

Element Line Slope (m) Intercept ( IR) 

area of element Q 
m = concentration of NBS (ug/g) 

area of compton 

area of element Q 
IR = 

area of compton 



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

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

e x p e r i m e n t a l l y .  A s m a l l  amount o f  t h e  p u r e  c h e m i c a l  

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

somar and a  40 mg p e l l e t  made. I n  t h i s  s t u d y ,  t h r e e  s u c h  

p e l l e t s  were  made i n  t h e  a p p r o x i m a t e  r a t i o  1 : l O -  K H C 0 3  p l u s  

somar , Pb(N03 ) 2  p l u s  somar and NzBr p l u s  somar.  For 

p o t a s s i u m ,  t h e  Ka : K g  r a t i o  was d e t e r m i n e d .  T h i s  f a c t o r  was 

t h e n  used t h r o u g h o u t  t h e  s t u d y  t o  d e t e r m i n e  t h e  t r u e  Ca peak 

i n t e n s i t y :  

whe re : 

= i n t e n s i t y  of  C a  Ka peak 
'~a K a  

IM 
= i n t e n s i t y  of m u l t i p l e  peak:  K KB+Ca K a  

IK K a  
= i n t e n s i t y  o f  K K a  peak 

K K B / K  K a =  c o r r e c t i o n  f a c t o r  = 0.111 

I n  t h e  c a s e  o f  Pb, two L x - r ays  a r e  i n  t h e  e n e r g y  

r a n g e  of  t h e  a n a l y s i s :  Pb L a  (10 .55  KeV) and Pb LB (12.61- 

KeV) . Hence, t h e  t r u e  A s  K peak i n t e n s i t y  c a n  be  

d e t e r m i n e d :  



where  : 

'AS Kcx 
= i n t e n s i t y  of  A s  K a  peak 

' ~ b  La = i n t e n s i t y  o f  Pb La peak 

IM 
= i n t e n s i t y  o f  t h e  m u l t i p l e  peak 

Pb LB /Pb L a  = c o r r e c t i o n  f a c t o r  = 0.231 

L 

S i m i l a r l y ,  s i n c e  B r  K B  (13 .29  KeV) i n t e r f e r e s  w i t h  Rb 

Ka (13 .39  KeV) , a  c o r r e c t i o n  f a c t o r  o f  . 150  was a p p l i e d  t o  

t h e  Rb peak  s i n c e  i t  was found  t h a t  B r  K 6 /Ka = .1504.  

The c o r r e c t i o n s  were pe r fo rmed  a u t o m a t i c a l l y  a s  

p a r t  o f  t h e  d a t a  r e d u c t i o n  p r o c e d u r e  u s i n g  t h e  program 

AREAS. I n  many c a s e s  t h e  c o r r e c t i o n  i n t e n s i t i e s  p roved  

t o  be  t o o  s m a l l  t o  be  s i g n i f i c a n t .  

C a r e  must  b e  o b s e r v e d  when a p p l y i n g  t h e  s t a n d a r d  

c a l i b r a t i o n  e q u a t i o n s  t o  a  s ample .  The s a m p l e  c o n c e n t r a t i o n  

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



2.7.2  pH S t u d i e s  

A s e l e c t i o n  o f  t h r e e  c o a l s  was made t o  i n v e s t i g a t e  

how t h e  t r a c e  e l e m e n t s  a r e  a f f e c t e d  by a  v a r i a t i o n  i n  pH. 

Two p r o c e d u r e s  were t r i e d .  The f i r s t  i n v o l v e d  b u f f e r e d  

s o l u t i o n s  i n  which c o a l  s a m p l e s  were s o a k e d .  However, i t  was 

r e c o g n i z e d  t h a t  t h i s  would n o t  r e p r e s e n t  a  r e a l i s t i c  

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

c o n c e n t r a t i o n s  o f  H2S04. 

P r o c e d u r e  A: 

Approx ima te ly  1 gram sampJes  o f  e a c h  o f  NBS c o a l ,  a  

Hat Creek c o a l  and a  Sparwood r i d g e  c o a l  were  p l a c e d  i n  a  1 5  

m l  b e a k e r .  Ten m l  o f  F i s h e r  b u f f e r  s o l u t i o n  was added t o  

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

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

e v a p o r a t i o n  and l e f t  t o  s t a n d  f o r  24 h o u r s .  A f t e r  s o a k i n g ,  

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

a l lowed  t o  a i r  d r y .  The d r i e d  c o a l  was r eg round  and p r e s s e d  

i n t o  40 mg p e l l e t s  f o r  a n a l y s i s .  T h i s  p r o c e d u r e  was c a r r i e d  

o u t  u s i n g  t h e  b u f f e r e d  s o l u t i o n s  : pH 2 ,  4 ,  6 and 8 



P r o c e d u r e  B :  

T h r e e  a c i d i c  s o l u t i o n s  were p r e p a r e d  u s i n g  H2S04 i n  

d i s t i l l e d  w a t e r :  pH 2 . 1 ,  4 . 0 ,  5 . 4 .  A p p r o x i m a t e l y  o n e  g r a m  

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

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

p o u r e d  o v e r  t h e  c o a l .  S u c t i o n  was a p p l i e d  t o  t h e  f u n n e l  

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

ml/min. When a l l  t h e  a c i d  had  b e e n  u s e d ,  t h e  c o a l  was  

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

t h e  c o a l ,  t h e  d r i e d  c o a l  w a s  r e g r o u n d  and  p r e s s e d  i n t o  40 mg 

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

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

w a t e r .  A r e a d i n g  o f  t h e  pH o f  t h e  f i l t r a t e  was  t a k e n  a f t e r  

e a c h  o f  t h e s e  l e a c h i n g  e x p e r i m e n t s .  The f i l t r a t e ,  h o w e v e r ,  

was n o t  s a v e d .  No t o t a l  r e c o v e r y  a n a l y s i s  was  p e r f o r m e d .  

2.7.3 A s h i n g  S t u d i e s  

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

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

c o n d i t i o n s .  One o r  t w o  g r a m s  o f  a  powdered c o a l  s a m p l e  was  



P. 

I;. 

weighed  o u t  i n t o  a  c l e a n  c e r a m i c  c r u c i b l e .  The s a m p l e s  were 

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

c o n d i t i o n s  : 

1. A l l  w e r e  h e a t e d  f o r  p r e c i s e l y  o n e  h o u r  a t  2 5 0 • ‹ C .  

2 .  The crucibles were p l a c e d  i n  a  2 5 0 • ‹ C  o v e n  f o r  1 5  
/ 

m i n u t e s  The t e m p e r a t u r e s  was  t h e n  r a i s e d  t o  500•‹C.  The - 

t o t a l  a s h i n g  time was 90 m i n u t e s .  

3 .  The c r u c i b l e s  were p l a c e d  i n  a  5 0 0 • ‹ C  oven .  The 

t e m p e r a t u r e  was i m m e d i a t e l y  i n c r e a s e d  t o  7 5 0 • ‹ C  f o r  a  t o t a l  

t i m e  o f  6 0  m i n u t e s .  . T h e  s a m p l e s  were removed ,  s t i r r e d  and  

r e t u r n e d  t o  t h e  7 5 0 • ‹ C  o v e n  f o r  a  f u r t h e r  30 m i n u t e s .  

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

t h e  a s h  c o n t e n t .  

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

b i n d i n g  q u a l i t i e s ,  t h u s  t h e y  w e r e  mixed w i t h  5 0 %  by w e i g h t  

o f  somar .  The m i x t u r e  was  b l e n d e d  w e l l  b y  p l a c i n g  i n  t h e  

s h a k e r  f o r  1 0  min and 4 0  mg p e l l e t s  made. The r e s u l t i n g  



p e l l e t s  s t i l l  p roved  t o  be  e x t r e m e l y  f r a g i l e  and g r e a t  c a r e  

had t o  be e x e r c i s e d  i n  a n a l y z i n g  them. 

A n a l y s i s  o f  t h e s e  s a m p l e s  was done 

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

s i g n i f i c a n t l y  c h a n g e s  t h e  s ample  m a t r i x ,  t h e  e s t a b l i s h e d  

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

s amples .  An NBS f l y  a s h  s t a n d a r d  d o e s  e x i s t .  However, t h e  

c e r t i f i e d  e l e m e n t s  a r e  l i m i t e d  and do n o t  c o v e r  t h e  e l e m e n t s  

of i n t e r e s t  i n  t h i s  s t u d y .  An e n t i r e l y  new s e t  o f  

p r o c e d u r e s  would b e  r e q u i r e d  t o  o b t a i n  q u a n t i t a t i v e  r e s u l t s  . 
on t h e s e  s a m p l e s .  T h i s  was beyond t h e  i n t e n t  o f  t h e  p r e s e n t  

s t u d y  . 

2.7 .4  V e r i f i c a t i o n  

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  is a n  a n a l y t i c a l  

t e c h n i q u e  whereby  r a d i o a c t i v e  i s o t o p e s  a r e  p roduced  i n  a  

sample  by i r r a d i a t i o n  w i t h  t h e r m a l  and/or  f a s t  n e u t r o n s .  

The y - r a y s  e m i t t e d  by t h e s e  i s o t o p e s  a r e  d e t e c t e d  and t h e i r  

e n e r g y  measured .  G e n e r a l l y ,  t h e  s ample  p l u s  a  s t a n d a r d  5s 

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



and a p p r o p r i a t e  r a d i o a c t i v e  d e c a y ,  a  gamma-ray s p e c t r u m  is 

o b t a i n e d .  Q u a n t i t a t i v e  d e t e r m i n a t i o n s  a r e  made by compar ing  

t h e  number o f  c h a r a c t e r i s t i c  y - r a y s  p roduced  i n  t h e  unknown 

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

a c c o u n t  o f  t h e  p r o c e s s  c a n  be found  e l s e w h e r e  (58,S9,6O) . 

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

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 a c i l i t y  a t  TRIUMF. Due t o  t h e  

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

c o a l ,  i t  was d e c i d e d  t o  u s e  a method o f  s e c o n d a r y  s t a n d a r d s  

f o r  t h e  a n a l y s e s .  Tha t  is ,  one a r b i t r a r y  c o a l  s ample  was 

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

s t a n d a r d .  T h i s  unknown t h e n  became t h e  s e c o n d a r y  s t a n d a r d  

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

unknowns f o r  i r r a d i a t i o n .  U n f o r t u n a t e l y ,  t h e  c o a l  s e l e c t e d  

t o  s e r v e  a s  t h e  s e c o n d a r y  s t a n d a r d  c o n t a i n e d  v e r y  low 

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

A s  a  r e s u l t ,  compar i son  be tween  t h e  s e c o n d a r y  s t a n d a r d  and 

t h e  unknown was d i f f i c u l t .  

NAA is g e n e r a l l y  n o t  a s  s u s c e p t i b l e  t o  c o n t a m i n a t i o n  a s  ,most 

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

be  t a k e n  t o  e n s u r e  t h a t  c l e a n l i n e s s  is m a i n t a i n e d .  



P o l y e t h y l e n e  s n a p - c a p  v i a l s  were  u sed  a s  s ample  

c o n t a i n e r s .  These  were  soaked  i n  a  s o l u t i o n  o f  50:50 n i t r i c  

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

d e i o n i z e d  w a t e r .  The c l e a n  v i a l s  were t h e n  d r i e d  i n  a  warm 

(50"  C)  oven .  E x a c t l y  one gram o f  ground m a t e r i a l  (-70 mesh) 

was i n t r o d u c e d  i n t o  e a c h  o f  t h e  s m a l l  v i a l s  (10x20 m m )  and 

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

i d e n t i f i c a t i o n  mark was e t c h e d  i n t o  t h e  p o l y e t h y l e n e .  One 

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

an unknown were  t h e n  p l a c e d  i n  a  l a r g e r  p o l y e t h y l e n e  v i a l .  

The c a p  was h e a t  s e a l e d  and i d e n t i f i e d .  The p r e p a r e d  

samples  were t h e n  t r a n s p o r t e d  t o  t h e  TRIUMF f a c i l i t y  f o r  

a n a l y s i s .  

2 . 8  D i s c r i m i n a n t  A n a l y s i s  

~ i s i r i m i n a n t  a n a l y s i s  is a  m a t h e m a t i c a l  method i n  

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

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

s t a t i s t i c a l  i n  n a t u r e  and r e q u i r e s  t h e  a p p l i c a t i o n  o f  a  few 

b a s i c  p r i n c i p l e s .  A b r i e f  a c c o u n t  o f  some o f  t h e s e  is g i v e n  

i n  a p p e n d i x  I .  



Although a  c o m p l e t e  d e s c r i p t i o n  of  t h e  ma thema t i c s  

is beyond t h e  s c o p e  o f  t h i s  s t u d y  and c a n  be  found e l s e w h e r e  

( 6 1 , 6 2 , 6 3 )  , some o f  t h e  more i m p o r t a n t  c o n c e p t s ,  a s  t h e y  

a p p l y  t o  t h i s  work,  a r e  g i v e n  h e r e .  

D i s c r i m i n a n t  a n a l y s i s  is a p p l i e d  when t h e r e  e x i s t s  a  

s e t  o f  o b s e r v a t i o n s  f o r  p  v a r i a t e s  i n  which a  number o f  

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

p r i n c i p l e ,  t h e  p r o c e d u r e  is  a  t e s t  o f  t h e '  n u l l  h y p o t h e s i s :  

H, :PI= v 2 =  v 3 =  . . , t h a t  is,  t h a t  t h e  g r o u p  means o f  a l l  s e t s  

o f  o b s e r v a t i o n s  a r e  i d e n t i c a l .  A r e j e c t i o n  of  H, i m p l i e s  

t h a t  s i g n i f i c a n t  d i f f e r e n c e s  do e x i s t  and t h a t  a  

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

s e p a r a t i o n .  Using t h e  s e t  o f  p  v a r i a t e s  f o r  e a c h  o f  t h e  n 

g r o u p s ,  a  s e t  o f  t r a n s • ’  ormed, d i s c r i m i n a n t  v a r i a b l e s ,  a r e  

c o n s t r u c t e d  i n  s u c h  a  way t h a t  t h e  F - r a t i o  (between g r o u p s  

v a r i a t i o n /  w i t h i n  g r o u p s  v a r i a t i o n )  fo ' r  e a c h  o f  t h e  

v a r i a b l e s  is maximized. I f  more t h a n  one  d i s c r i m i n a n t  

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

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

o r t h o g o n a l  t o  one  a n o t h e r .  The maximum number of  f u n c t i o n s  

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

e q u a l  t o  e i t h e r  t h e  number o f  v a r i a b l e s  o r  one l e s s  t h a n  t h e  

number of  g r o u p s ;  wh icheve r  is s m a l l e r ,  i .  e .  s=min (n-1 , P I .  



More s p e c i f i c a l l y ,  i f  t h e  g r o u p  means on a l l  t h e  

v a r i a t e s  is e x p r e s s e d  a s  t h e  v e c t o r  $, t h e n  t h e  d i s c r i m i n a n t  

a n a l y s i s  p rob lem is t o  d e t e r m i n e  t h e  w e i g h t s  t o  a p p l y  t o  

each  4 t o  form t h e  2 v a r i a t e s  h a v i n g  t h e  d e s c r i b e d  

p r o p e r t i e s .  Thus we r e q u i r e  

where :  

'L y = t h e  v e c t o r  o f  t h e  g r o u p  means f o r  p  

variates. 

'L 
z = t h e  t r a n s f o r m e d  v e c t o r .  i 
'L 'L 
a = v e c t o r  w e i g h t s .  The e l e m e n t s  o f  a a r e  t h e  i 

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

Fo r  a  m a t r i x  o f  be tween  g r o u p s  sum o f  s q u a r e s  and 

c r o s s  p r o d u c t s ,  X t h e  c o r r e s p o n d i n g  be tween  g r o u p s  f u n c t i o n  

'L 'L 'L'L 
f o r  z i i s  g i v e n  by aiAai . S i m i l a r l y  f o r  a  m a t r i x  o f  w i t h i n  

'L 
g r o u p s  s u m  o f  s q u a r e s  and c r o s s  p r o d u c t s ,  W ,  t h e  

'L 'L 'L'L 
c o r r e s p o n d i n g  f u n c t i o n  f o r  zi is a;Wai. 



T h i s  means t h a t  t h e  r a t i o  t o  be  maximized is 

s u b j e c t  t o  t h e  r e s t r i c t i o n  t h a t  t h e  w i t h i n  g r o u p s  

v a r i a n c e  o f  2 be u n i t y :  

For  more t h a n  one  d i s c r i m i n a n t  f u n c t i o n ,  t h e  

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

r e q u i r e s  

The v a l u e  which  maximizes  t h e  r e s u l t i n g  f u n c t i o n  

g i v e n  i n  e q u a t i o n  9 is t h e  e i g e n v a l u e ,  o r  t h e  c a n o n i c a l  

v a r i a n c e ,  and is a  measure  o f  t h e  be tween  g r o u p s  v a r i a t i o n .  

Thus l a r g e r  v a l u e s  i n d i c a t e  a  g r e a t e r  d i s p a r i t y  be tween  t h e  

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

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



n o t  used a t  o n c e .  R a t h e r ,  i t  is r e c o g n i z e d  t h a t  some 

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

a l t e r n a t i v e l y ,  t h a t  t h e r e  may be a  dependence  be tween  one o r  

more o f  t h e  v a r i a b l e s  t h u s  r e n d e r i n g  some o f  them r e d u n d a n t .  

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

t h e  b e s t  d i s c r i m i n a t i n g  power,  f o l l o w e d  b y  t h e  n e x t  b e s t  and 

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

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

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

A number o f  c r i t e r i a  a r e  a v a i l a b l e  f o r  s u c h  a  

d e c i s i o n  making p r o c e s s .  Rao ' s  V ( 6 3 , 6 4 )  is a  g e n e r a l i z e d  

d i s t a n c e  measure .  The v a r i a b l e  s e l e c t e d  is t h e  one  which 

c o n t r i b u t e s  t o  t h e  l a r g e s t  i n c r e a s e  i n  V when added  t o  t h e  

p r e v i o u s  v a r i a b l e s .  T h i s  amounts t o  t h e  g r e a t e s t  o v e r a l l  

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

Rao ' s  V s t a t i s t i c  a p p r o a c h e s  a  x 2  d i s t r i b u t i o n .  

I n  t h i s  s t u d y ,  u s e  was made o f  t h e  SPSS ( S t a t i s t i c a l  

Package f o r  t h e  S o c i a l  S c i e n c e s )  p rogram f o r  d i s c r i m i n a n t  

a n a l y s i s  ( 6 5 ) .  The i n p u t  f o r  t h i s  p rog ram r e q u i r e s  t h a t -  t h e  

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



f o r  e a c h  g r o u p  member. I t  was n o t  n e c e s s a r y  t h a t  a c t u a l  

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

n o r m a l i z e d  r e l a t i v e  peak a r e a s  were u t i l i z e d .  

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

program r e s u l t e d  i n  t h e  e n e r g i e s ,  n e t  a r e a s  and o t h e r  

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

b e i n g  p r i n t e d .  A computer  p rogram AREAS was w r i t t e n  t o  

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

peak ,  a v e r a g e  t h e  v a l u e s  f rom t h e  t e n  r e p l i c a t e s  and o u t p u t  

them i n  a  fo rm r e a d i l y  a c c e p t a b l e  b y  t h e  SPSS program. 

A s t e p w i s e  d i s c r i m i n a n t  a n a l y s i s  was used .  S e v e r a l  

c r i t e r i a  were t r i e d  f o r  t h e  s t e p w i s e  p r o c e d u r e  b u t  i t  was 

found  t h a t  t h e  b e s t  r e s u l t s  were o b t a i n e d  when t h e  R a o ' s  V 

s t a t i s t i c  was a p p l i e d .  



3 RESULTS 

3 .1  Q u a n t i t a t i v e  A n a l y s i s  

3 .1 .1  Whole Coa l  Samples  

Normal ized  peak  a r e a s  were o b t a i n e d  f o r  12 e l e m e n t s :  

K, Ca, T i ,  C r ,  Fe ,  N i ,  Cu, Zn, A s ,  B r ,  Rb and S r .  

T a b l e  V I  shows t y p i c a l  n o r m a l i z e d  a r e a s  and e r r o r s  

(1 s t a n d a r d  d e v i a t i o n )  f o r  a  r e p r e s e n t a t i v e  sample  f rom e a c h  

seam. A comple t e  t a b l e  o f  t h e  n o r m a l i z e d  peak a r e a s  and 

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

Appendix 11. The t o t a l  e r r o r ,  which i n c l u d e s  t h o s e  p r e v i o u s l y  

d i s c u s s e d  ( i .  e .  c o u n t i n g  e r r o r ,  s ample  p r e p a r a t i o n ,  e t c )  

f o r  t h e  t e n  q e p l i c a t e  s a m p l e s  r a n g e s  f rom a b o u t  2 %  f o r  

e l emen t s  p r e s e n t  i n  s i g n i f i c a n t  amounts  e g .  Fe,  t o  30% f o r  

e l emen t s  i n  low c o n c e n t r a t i o n  e g  C r .  

The l i n e a r  r e g r e s s i o n  e q u a t i o n s  o b t a i n e d  f rom t h e  

c a l i b r a t i o n  p r o c e d u r e  were  a p p l i e d  t o  e a c h  o f  t h e  Hat  Creek  

and Crowsnes t  C o a l f i e l d  s amples .  T h i s  r e s u l t e d  i n  a b s o l u t e  

c o n c e n t r a t i o n  v a l u e s  f o r  t h e  t r a c e  e l e m e n t s  and minor  

c o n s t i t u e n t s .  S i n c e  C r  h a s  l a r g e  e r r o r s  a s s o c i a t e d  w i t h  i t ,  
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and is p r e s e n t  i n  q u a n t i t i e s  which a r e  v e r y  n e a r  t h e  

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

a c c u r a t e l y  d e t e r m i n e d .  S i m i l a r l y ,  a  n o n - l i n e a r  c a l i b r a t i o n  

c u r v e  was o b t a i n e d  f o r  Zn. Whi le  t h i s ,  i n  i t s e l f ,  would n o t  

p r e v e n t  t h e  c a l c u l a t i o n  of  t h e  c o n c e n t r a t i o n  v a l u e s ,  t h e  

e r r o r s  a s s o c i a t e d  w i t h  t h e  d e t e r m i n a t i o n s  were s u c h  t h a t  no 

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

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

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

c a l c u l a t e d  e r r o r s .  

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

s amples  were a n a l y z e d  u s i n g  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 .  

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

t a b l e  V I I I .  

The t h r e e  Hat Creek s a m p l e s  had  b e e n  a n a l y s e d  by 

t h r e e  i n d e p e n d e n t  l a b o r a t o r i e s  p r i o r  t o  t h e  a n a l y s i s  done i n  

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

one i n s t a n c e ,  by s p a r k  s o u r c e  mass s p e c t r o m e t r y  and i n  t h e  

o t h e r  i n s t a n c e s  by a t o m i c  a b s o r p t i o n .  I n  a l l  c a s e s ,  

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

d i g e s t i o n  p r o c e d u r e  o r  a s h i n g  , w i t h  a  c o r r e c t i o n  f a c t o r  
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Table  V I I I .  Comparison of concen t r a t i on  v a l u e s  f o r  Fe, S r  
and A s  u s ing  X R F  and NAA. 

-- 

Sample Element Method 

XRF NAA 

( p r e s e n t  s tudy)  (TRIUMF) 

A l l  v a l u e s  r e p o r t e d  as pg/g. 



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

whole  c o a l  v a l u e .  R e s u l t s  f rom t h e s e  a n a l y s e s  a l o n g  w i t h  

t h o s e  o b t a i n e d  i n  t h i s  s t u d y  a r e  shown i n  t a b l e  I X .  

A s  a n  a d d i t i o n a l  check  on t h e  a c c u r a c y  of t h e  

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

t h e  r e s u l t s  o b t a i n e d  on t h e  f i v e  U.S. c o a l  s a m p l e s ,  The 

a n a l y s e s  pe r fo rmed  by t h e  I G S  employed x - r ay  f l u o r e s c e n c e  a s  

w e l l  a s  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  and o p t i c a l  e m i s s i o n  

s p e c t r o c h e m i c a l  a n a l y s i s .  These  v a l u e s  a r e  shown i n  t a b l e  X .  

3.1.2 Ashing and L e a c h i n g  R e s u l t s  

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

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

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

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

XI. 

Although a b s o l u t e  c o n c e n t r a t i o n  v a l u e s  were n o t  

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

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

1 2  f o r  one  o f  t h e  Hat Creek s a m p l e s .  



Table. IX. concent ra t ion  values  from various analyses  of Hat Creek coa l  86- 
samples. 

- 

Hat Creek 1 

Element Analysis  method 
X R F  NAA Spark source AA AA 

(p resen t  study) (TRIUMF) Mass spectrometry 
(Lab  1) (Lab 2) (Lab 3) 

Hat Creek 2 

Hat Creek 3 

a~~ = Major Const i tuent  

b ~ l l  values a r e  given i n  pg/g. 
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Table XI. Characteristics of ashed samples. 

Sample Ashing condition Characteristics of ash %weight loss 

Hat Creek 2 1 hr at 250 C medium grey 34% 
1.5 hr at 500 C light grey-tan, powdery 80% 
1.5 hr at 750 C charred surface light tan 74% 

ash 

1 hr at 250 C dark grey 
1.5 hr at 500 C medium grey, powdery 
1.5 hr at 750 C grey to white 

1 hr at 250 C black 11% 
1.5 hr at 500 C dark grey 77 % 

1.5 hr at 750 C light brown; much remained 61% 
black 

NB S 1 hr at 250 C black 20% 
1.5 hr at 500 C medium grey 80% 
1.5 hr at 750 C light tan, bottom caked black 63% 



Figure 12 

Relationship Between Normalized Peak Area and Ashing 

Temperature for Cu and Br in an Ashed Hat Creek Sample. 
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R e s u l t s  o f  t h e  l e a c h i n g  e x p e r i m e n t s  a r e  shown i n  

f i g u r e s  1 3  and 1 4 .  These  g r a p h s  show t h e  c o n c e n t r a t i o n  o f  

Ca and S r  a s  a  f u n c t i o n  o f  t h e  pH o f  t h e  l e a c h i n g  s o l u t i o n  

under  t h e  two e x p e r i m e n t a l  c o n d i t i o n s  a s  d e s c r i b e d  

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

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

g i v e n  i n  t a b l e  X I I .  

3.2 Q u a l i t a t i v e  A n a l y s i s .  

The r e l a t i v e  n o r m a l i z e d  peak  a r e a s  f o r  t h e  1 3  

e l e m e n t s  K ,  T i ,  Ca, C r ,  Fe ,  T i ,  N i ,  Cu, Zn, A s ,  B r ,  Rb, and 

S r  and t h e  R a y l e i g h  s c a t t e r  peak  were used  i n  t h e  

d i s c r i m i n a n t  a n a l y s i s .  

A c o r r e l a t i o n  m a t r i x  g e n e r a t e d  f o r  t h e  n o r m a l i z e d  

a r e a s  is p r e s e n t e d  i n  t a b l e  X I I I .  A s  a check  on t h e  

l i n e a r i t y  of  t h e  r e l a t i o n s h i p s  and hence  t h e  v a l i d i t y  of  t h e  

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

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

v a r i a b l e s .  One o f  t h e s e  is  shown i n  f i g u r e  15.  S i n c e  

ex t r eme  o b s e r v a t i o n s ,  o r  o u t l i e r s ,  c a n  s u b s t a n t i a l l y  a f f e c t  



Figure 13 

Relationship Between Remaining Ca in a Leached Sample 

and the pH of the Solution for NBS Coal and Hat Creek 

Coal Under Leaching Conditions A and B. 
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Figure 14 

Relationship Between Remaining Sr in a Leached Sample 

and the pH of the Solution for NBS Coal and Hat Creek 

Coal Under Leaching Conditions A and B. 
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F i g u r e  1 5  

S c a t t e r g r a m  Showing R e l a t i o n s h i p  Between K and R b  i n  

Crowsnes t  Coal  Samples .  





t h e  v a l u e  o f  t h e  mean and hence  g i v e  a n  u n r e l i a b l e  e s t i m a t e  

of t h e  c a l c u l a t e d  p a r a m e t e r s ,  a l l  s u c h  v a l u e s  were 

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

s c a t t e r g r a m s .  Only o b v i o u s l y  d e v i a n t  v a l u e s  were  

e l i m i n a t e d .  

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

t h e  37 Sparwood R idge  s a m p l e s .  These c o a l  s a m p l e s  were 

c l a s s i f i e d  a c c o r d i n g  t o  t h e  p a r t i c u l a r  c o a l  seam f rom which 

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

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

m e e t i n g  t h e  F s t a t i s t i c  c r i t e r i o n  was B r ,  S r ,  R/C r a t i o ,  Rb, 

N i  and T i .  S i n c e  t h e  7 seams were i n v o l v e d  i n  t h e  a n a l y s i s ,  

s i x  d i s c r i m i n a n t  f u n c t i o n s  were g e n e r a t e d  o f  which  t h e  f i r s t  

t h r e e  a c c o u n t e d  f o r  97% o f  t h e  d i s c r i m i n a t i n g  power.  The 

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

l e v e l s  o f  s i g n i f i c a n c e  a r e  shown i n  t a b l e  XIV. Also  

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

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

f u n c t i o n s .  



Table  XIV. S t a t i s t i c s  r e s u l t i n g  from d i s c r i m i n a n t  a n a l y s i s  on 37 Sparwood g 8  
Ridge seam samples .  

- 

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

Element Canonica l  f u n c t i o n  

B r -1173 - 37 5  -125 '-168 8  04 -254 

Rb -91.8 -128 61 .0  -88.0 -43.8 -17.5 

S r  -6.62 8 . 4 5  9 .36  0.230 0.129 6.29 

r a t i o  20.5 -13.8 1 0 . 5  10.0  3 .14 2.27 

con st  a n t  -6 .81 4.89 -4.99 -6.15 -2.51 0.796 

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

Element Canonica l  f u n c t i o n  

K 

C a 

T i  

C r  

Ni 

B r  

Rb 

S r 

r a t i o  



Table X I V .  (cont 'd) 

Function Eigenvalue % ofvariance canonical Chi-squared significance 
correla t ion 

squared 

Wilks' Lambda 



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

d i s c r i m i n a n t  s c o r e s  f o r  t h e  s amples  were computed and a  p l o t  

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

g e n e r a t e d .  A g r o u p  mean was d e t e r m i n e d  f o r  e a c h  o f  t h e  

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

p a r t i c u l a r  g r o u p .  The g r o u p  means o f  a l l  t h e  f u n c t i o n s  

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

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

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

s a m p l e s  is shown i n  f i g u r e  1 6 .  

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

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

t r e a t i n g  them a s  unknowns. A c l a s s i f i c a t i o n  s c o r e  was 

computed f o r  e a c h  o f  t h e  s amples .  Under t h e  a s s u m p t i o n  t h a t  

t h e  c l a s s i f i c a t i o n  s c o r e s  conform t o  a  m u l t i v a r i a t e  normal 

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

of  g r o u p  membership.  Thus when t r e a t e d  a s  unknowns e a c h  o f  

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

which i t  had t h e  h i g h e s t  p r o b a b i l i t y  of  b e l o n g i n g .  A summary 

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

g i v e n  i n  t a b l e  XV. I t  was found t h a t ,  ba sed  on t h e  d e r i v e d  

d i s c r i m i n a n t  f u n c t i o n s ,  8 0 %  o f  t h e  s a m p l e s  were  c o r r e c t l y  

c l a s s i f i e d .  



Figure 16 

Plot of the First Two Discriminant Functions for the 

Sparwood Ridge Seam Samples. 
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Table XV. Summary of reclassif icat ion of Sparwood Ridge seam samples. 

Actual seam Predicted seam 

1 5 6 7 9 10 A 



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

s a m p l e s  f r o m  Sparwood R i d g e ,  H a t  C r e e k  a n d  a r e a s  2-5 a s  

i d e n t i f i e d  i n  f i g u r e s  4 and 5. I n  t h i s  i n s t a n c e ,  t h e  

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

c o n s i d e r a t i o n  g i v e n  t o  t h e  s e a m  f r o m  w h i c h  t h e y  came. The 

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

p r o c e d u r e  was  B r ,  T i ,  Zn, Cu, A s ,  S r  a n d  C a .  The p u r p o s e  o f  

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

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

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

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

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

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

u s i n g  t h e  f i r s t  two  d i s c r i m i n a n t  f u n c t i o n s  is shown i n  

f i g u r e  1 7  a n d  t h e  r e s u l t  o f  t h e  r e c l a s s i f i c a t i o n  i n  w h i c h  

t h e  s a m p l e s  were t r e a t e d  a s  unknowns is  g i v e n  i n  t a b l e  X V I I .  

Based on t h e  r e c l a s s i f i c a t i o n ,  i t  was f o u n d  t h a t  93% o f  t h e  

s a m p l e s  w e r e  c o r r e c t l y  p l a c e d .  



T & l e  XVI. S t a t i s t i c s  r e s u l t i n g  from d i sc r iminan t  a n a l y s i s  by l o c a t i o n  of 104 
Crowsnest and Hat Creek samples. 

Unstandardized d i sc r iminan t  func t ion  c o e f f i c i e n t s  

Element Canonical f u n c t i o n  

K 

Ca 

T i  

Fe 

Ni 

C u  

Zn 

Br 

Rb 

sr 

r a t i o  

cons t an t  

Element 

S tandard ized  d i sc r iminan t  func t ion  c o e f f i c i e n t s  

Canonical f u n c t i o n  

1 2 3 4 5 6 

CU -0.454 0.309 -0.169 -0.194 -0.0381 -0.288 

Zn 0.0613 -0.523 0.390 0.894 -0.520 0.455 

*B r -0.710 0.844 -0.109 -0.00357 0.0451 0.0697 

Rb -1.88 -1.23 0.540 0.654 -0 -406 -0.279 

S r  0.00415 -0.0825 -0.0326 0.810 0.369 0.123 

r a t i o  1.44 1.02 -0.717 -0.0288 -0.0595 0.0295 
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F i g u r e  1 7  

P l o t  o f  t h e  F i r s t  Two D i s c r i m i n a n t  F u n c t i o n s  f o r  

t h e  S a m p l e s  From t h e  F i v e  C r o w s n e s t  C o a l f i e l d  A r e a s  

and t h e  H a t  C r e e k  A r e a .  ' 





Table XVII. Summary of reclassification of Crowsnest and Hat Creek samples. 

Actual 
location 

Predicted location 



4 .  DISCUSSION OF RESULTS 

4 .1  Q u a n t i t a t i v e  A n a l y s i s  

4 .1 .1  Whole Coal  Samples  

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

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

n o r m a l i z e d  a r e a s  on t h e  NBS c o a l  s t a n d a r d  a s  d e s c r i b e d  i n  

s e c t i o n  2.7.1.  I n s p e c t i o n  o f  t h e s e  c u r v e s  ( f i g u r e  11) shows 

t h a t  a  s m a l l  non-zero  i n t e r c e p t  r e s u l t e d  i n  e a c h  c a s e .  T h i s  

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

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

A check  on t h e  l i n e a r i t y  o f  t h e  r e g r e s s i o n  c u r v e  f i t  

t o  t h e  c a l i b r a t i o n  d a t a  showed t h a t  t h e  l i n e a r  model was 

a p p r o p r i a t e .  Two of  t h e  c u r v e s ,  K and T i  showed some 

e v i d e n c e  o f  ' l e v e l l i n g  o f f '  a t  h i g h e r  c o n c e n t r a t i o n s .  

However t h e  l i n e a r  f i t  was s t i l l  w i t h i n  t h e  e r r o r  l i m i t s  o f  

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

a r e  t h e  r e s u l t  o f  t h e  e r r o r s  p r e v i o u s l y  d i s c u s s e d ,  The ' 

l a r g e s t  b e i n g  any d e v i a t i o n  f rom homogene i ty  w i t h i n  t h e  



agreement  w i t h  t h o s e  o b t a i n e d  u s i n g  o t h e r  t e c h n i q u e s ,  

p a r t i c u l a r l y  s p a r k  s o u r c e  mass s p e c t r o m e t r y .  I t  is n o t e d  

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

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

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

r e l i a b l e  c o n c e n t r a t i o n  v a l u e s  on whole  c o a l .  

I n  g e n e r a l ,  i t  a p p e a r s  a s  though NAA is t h e  l e a s t  

s u c c e s s f u l  o f  t h e  methods .  The r e a s o n  f o r  t h e  l a c k  o f  

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

i n  t h i s  s t u d y  a r e  v a r i e d .  

1. These  t e s t s  were c o n d u c t e d  a t  t h e  TRIUMF 

f a c i l i t y  i n  Vancouver  and r e p r e s e n t  t h e  f i r s t  s e t  o f  

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

t h a t  t h e  c o n d i t i o n s  u n d e r  which  t h e  a n a l y s i s  was made were  

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

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

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

methods c o n f i r m s  t h e  p r o p r i e t y  of  t h e  l i n e a r  f i t .  

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

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

conduc ted  by  t h e  a u t h o r ,  no check  o v e r  t h e s e  c o u l d  b e  made. 



2 .  The a n a l y s i s  was conduc ted  u n d e r  r e l a t i v e l y  poor  

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

3 .  Only a  few e l e m e n t s  c o u l d  b e  a n a l y z e d  f o r  d u e  t o  

t h e  l o n g  i r r a d i a t i o n  t i m e s  which would b e  r e q u i r e d  

f o r  some o f  t h e  e l e m e n t s  o f  i n t e r e s t .  

4 .  A method o f  s e c o n d a r y  s t a n d a r d s  was employed. 

The sample  c h o s e n  a s  t h e  s e c o n d a r y  s t a n d a r d  had much lower  

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

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

e x t r a p o l a t  i o n s  were made. 

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

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

a n a l y z e d  u s i n g  a t o m i c  a b s o r p t i o n .  Whi le  t h e  r e s u l t s ,  i n  

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

s t u d y  and w i t h  t h o s e  f rom t h e  SSMS a n a l y s i s ,  a t o m i c  

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

t e c h n i q u e .  A n  a d d i t i o n a l  d i f f i c u l t y  is  t h e  f a c t  t h a t  t h e  

sample  must  b e  i n  a n  e a s i l y  v o l a t i l i z e d  form.  I n  t h e  c a s e  

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

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



r e g i a  and h y d r o f l u o r i c  a c i d .  T h i s  f e a t u r e  a l s o  p r o v e s  t o  be 

t h e  major  d i s a d v a n t a g e  of  t h e  SSMS method. When a n a l y s i s  is 

per formed u s i n g  e i t h e r  o f  t h e s e  t e c h n i q u e s ,  a  c o r r e c t i o n  

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

them back t o  a  whole c o a l  v a l u e .  Such a p r o c e d u r e  r e l i e s  

upon t h e  a s s u m p t i o n  t h a t  none o f  t h e  t r a c e  e l e m e n t s  a r e  l o s t  

i n  t h e  a s h i n g  p r o c e d u r e .  While  t h i s  a p p e a r s  t o  be  t h e  c a s e  

f o r  most  o f  t h e  e l e m e n t s  p r e s e n t ,  i t  is n o t  p o s s i b l e  t o  b e  

c e r t a i n  t h a t  no v o l a t i l i z a t i o n  o f  a  p a r t i c u l a r  e l e m e n t  h a s  

o c c u r r e d .  T h i s  may c o n t r i b u t e  t o  t h e  f a c t  t h a t  i n  some 

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

t e c h n i q u e s  a p p e a r e d  t o  be c o n s i s t e n t l y  lower  t h a n  t h o s e  

o b t a i n e d  i n  t h e  r e p o r t e d  r e s e a r c h .  F u r t h e r m o r e ,  t h e  complex 

p r e p a r a t i o n  r e q u i r e d  i n  t h e  c a s e  of  AA and SSMS i n c r e a s e  t h e  

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

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

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

per formed b y  t h e  I l l i n o i s  G e o l o g i c a l  Su rvey  on t h e  c o a l  

s a m p l e s  were  done  u s i n g  b o t h  X R F  and I n s t r u m e n t a l  Neu t ron  

A c t i v a t i o n  A n a l y s i s .  I n  some c a s e s ,  o p t i c a l  e m i s s i o n  

s p e c t r o s c o p y  was employed. Aga in ,  c l o s e  ag reemen t  is s e e n  



between t h e  v a l u e s  o b t a i n e d  i n  t h i s  s t u d y  and t h o s e  o b t a i n e d  

by t h e  IGS. S i n c e  no i n d i c a t i o n  o f  t h e  s i z e  o f  t h e  e r r o r s  

were g i v e n  f o r  t h e  c o n c e n t r a t i o n s  o b t a i n e d  i n  t h e  I l l i n o i s  

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

Fe i n  s a m p l e s  1, 2 and 6  o r  A s  i n  s a m p l e  3. I t  is 

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

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

lower  by a  f a c t o r  o f  a p p r o x i m a t e l y  two. S i n c e  Ca was n o t  

a n a l y z e d  i n  a n y  o f  t h e  o t h e r  v e r i f i c a t i o n  s t u d i e s ,  no check  

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

made. F u r t h e r m o r e ,  s i n c e  no i n d i c a t i o n  o f  t h e  e r r o r s  

i n v o l v e d  i n  t h e  IGS s t u d y  was r e p o r t e d ,  an e v a l u a t i o n  of  t h e  

r e s u l t i n g  d i f f e r e n c e s  is d i f f i c u l t .  No e x p l a n a t i o n  c o u l d  b e  

found f o r  s u c h  d e v i a t i o n s .  

T a b l e  X V I I I  shows t h e  a v e r a g e  c o n c e n t r a t i o n  o f  I 

e l e m e n t s  i n  t h e  e a r t h ' s  c r u s t  ( c l a r k e  v a l u e s )  ( 1 3 , 6 6 ) .  A 

compar i son  o f  t h e s e  v a l u e s  w i t h  t h e  c o n c e n t r a t i o n s  o f  t h e  

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

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

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

a r e  found t o  be c o n c e n t r a t e d  i n  t h e s e  c o a l s  r e l a t i v e  t o  t h e  



Table XVIII. Average contents of trace elements 
in the earth's crust (ug/g). 



c l a r k e  v a l u e s .  I n  f a c t ,  o n l y  A s  shows  an  e n r i c h m e n t ,  i n  

some c a s e s ,  by a  f a c t o r  o f  more t h a n  two. I n  g e n e r a l ,  A s  is 

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

most  l i k e l y  is i n  s o l i d  s o l u t i o n  i n  t h e  f e r r o u s  d i s u l f i d e s  

i n  c o a l  ( 2 3 ) .  

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

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

a s  C r ,  N i l  C u  and  Zn b e i n g  d e p l e t e d  by  a  f a c t o r  o f  a t  l e a s t  

two. 

4.1.2 Ashing and L e a c h i n g  E x p e r i m e n t s  

S i n c e  t h e  e f f e c t s  o f  a t r a c e  e l e m e n t  c a n  o n l y  be 

r e a l i z e d  when i t  is r e l e a s e d  o r  i n  some o t h e r  way comes i n t o  

c o n t a c t  w i t h  t h e  e n v i r o n m e n t ,  i t  is n e c e s s a r y  t o  c o n s i d e r  t h e  

e f f e c t s  o f  t h e  a s h i n g  and l e a c h i n g  p r o c e s s e s  on t h e  c o a l  

s amples .  

A number o f  d i f f i c u l t i e s  were  e n c o u n t e r e d  i n  

a t t e m p t i n g  t o  a s h  t h e  s a m p l e s  and e s t a b l i s h  t h e  r e l a t i v e  

c o n c e n t r a t i o n s  o f  t h e  t r a c e  e l e m e n t s .  One o f  t h e  p rob lems  



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

p e l l e t s .  The n e c e s s i t y  o f  u s i n g  t h e  somar b i n d i n g  a g e n t  

r e q u i r e d  t h a t  t h e  amount o f  a s h  used i n  e a c h  sample  b e  

reduced  i n  o r d e r  t o  a v o i d  p r e p a r i n g  t o o  l a r g e  a  p e l l e t .  

Hence, t h e  c h a n c e  o f  e r r o r s  i n  t h e  a n a l y s i s  was g r e a t l y  

i n c r e a s e d .  The second  d i f f i c u l t y  e n c o u n t e r e d  was t h e  change  

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

from t h e  c o a l .  T h i s  means t h a t  w h i l e  some q u a l i t a t i v e  

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

from t h e  r e s u l t s ,  no c o n c l u s i o n s  c a n  b e  drawn a b o u t  t h e  . 

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

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

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

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

C u  i n  f i g u r e  1 2 .  Such a n  o b s e r v a t i o n  a p p e a r s  t o  be t r u e  f o r  

a l l  e l e m e n t s  w i t h  t h e  e x c e p t i o n  of  bromine.  ( f i g u r e  1 2 ) .  

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

and is c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  T ing  and Manahan (67)  

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

Such a  r e s u l t  would t e n d  t o  i n d i c a t e  t h a t  b romine  is 

a s s o c i a t e d  w i t h  t h e  o r g a n i c  f r a c t i o n  of c o a l .  



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

i n d i c a t e s  t h a t  w h i l e  t h e  c o n c e n t r a t i o n s  a r e  be low t h e  c l a r k e  

v a l u e s  i n  w h o l e  c o a l ,  s u c h  is most d e f i n i t e l y  n o t  t h e  c a s e  

i n  t h e  a s h .  E lemen t s  such  a s  A s ,  a l r e a d y  e n r i c h e d  i n  c o a l ,  

may w e l l  b e  a t  u n a c c e p t a b l e  l e v e l s  i n  t h e  a s h .  

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

conce rn  o v e r  t h e  e m i s s i o n  of f l y  a s h  i n t o  t h e  a t m o s p h e r e  

( 2 8 ) .  The l e v e l s  o f  t r a c e  e l e m e n t s  r e l a t i v e  t o  t h e i r  

t o x i c i t y  would r e q u i r e  a  knowledge o f  t h e i r  a c t u a l  

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

-. 

C o n s i d e r a t i o n  of t h e  p l o t  f o r  Cu a s  a  f u n c t i o n  o f  

t e m p e r a t u r e  shows a  l e v e l l i n g  o f f  n e a r  500•‹C. The same 

t r e n d  was o b s e r v e d  f o r  K t  Ca, T i ,  Fe ,  N i ,  A s ,  S r  and Rb. 

Al though s u c h  a  l e v e l l i n g  o f f  is t o  be  e x p e c t e d  a t  a n  

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

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

s a m p l e s  a t  750•‹C had n o t  c o m p l e t e l y  a shed  p r o p e r l y .  A 

' c r u s t '  o f  i n s u l a t i n g  a s h  formed and p r e v e n t e d  t h e  u n i f o r m  

a s h i n g  o f  t h e  s ample .  A t t empt s  a t  s t i r r i n g  t h e  s a m p l e  d i d  

n o t  a l l e v i a t e  t h e  s i t u a t i o n .  S i n c e  more d e t a i l e d  

i n v e s t i g a t i o n  of  t h e  a s h i n g  p r o p e r t i e s  were beyond t h e  s c o p e  

of  t h i s  s t u d y ,  no f u r t h & r  e x p e r i m e n t s  were a t t e m p t e d .  



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

i n d i c a t e  t h a t  some o f  t h e  e l e m e n t s  show a  d e f i n i t e  

d e p e n d e n c e  o n  t h e  pH o f  t h e  l e a c h a t e .  F o r  e x a m p l e ,  a  p l o t  

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

t h a t  m o s t  o f  t h e  e l e m e n t  is l e a c h e d  o u t  a t  l o w  pH and 

r e a c h e s  a  minimum a t  a p p r o x i m a t e l y  pH 4-5 .  T h i s  is 

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

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

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

t o  t h e  l e a c h i n g  p r o c e d u r e s .  F o r  e x a m p l e ,  l i t t l e  o r  no  

e f f e c t  was n o t i c e d  f o r  F e ,  Rb o r  T i  w h e r e a s  e a c h  o f  t h e  

o t h e r  e l e m e n t s  showed v a r y i n g  d e g r e e s  o f  pH d e p e n d e n c e .  I t  

is n o t e d  t h a t  Cu a n d  A s  b o t h  showed a  d e f i n i t e  pH d e p e n d e n c e  

when s u b j e c t e d  t o  p r o c e d u r e  B.  However ,  p r o c e d u r e  A had  

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

o f  t h e  method u n d e r  w h i c h  s u c h  a  s t u d y  is  c o n d u c t e d .  A more 

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

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

I t  s h o u l d  b e  f u r t h e r  n o t e d  t h a t  n o  K v a l u e s  a r e  r e p o r t e d  f o r  

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

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

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



Although t h e  r e l a t i v e  amounts  o f  t h e  e l e m e n t s  p e r  

u n i t  o f  c o a l  is s m a l l ,  t h e  t o t a l  a b s o l u t e  amount o f  e a c h  
! 

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

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

l e a c h a t e  e f f e c t s  may be  s u b t l e  i n  t h a t  a l t h o u g h  an  

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

s y n e r g i s t i c  e f f e c t  ( eg .  Cu i s  more t o x i c  when Zn o r  Cd a r e  

p r e s e n t ) .  C o n c e n t r a t i n g  e f f e c t s  may o c c u r  a s  -an e l e m e n t  

moves th rough  t h e  food  c h a i n .  The a c t u a l  t o x i c i t y  a r i s i n g  

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

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

o u t  o f  a  s ample  and i n t o  t h e  e n v i r o n m e n t  (9 ,68) .  Such a n  

e v a l u a t i o n  would r e q u i r e  a  mass b a l a n c e  s t u d y  and a  c o n t r o l  

o f  t h e  vo lumes  o f  l e a c h a t e  p roduced .  Such an  e v a l u a t i o n  was 

beyond t h e  s c o p e  o f  t h i s  s t u d y .  

4.2 Q u a l i t a t i v e  A n a l y s i s  

4 .2 .1  C o r r e l a t i o n s  

The e l e m e n t a l  c o r r e l a t i o n s  i n d i c a t e  a  number o f  . 

i n t e r e s t i n g  t e n d e n c i e s .  The c o r r e l a t i o n  m a t r i x  shown i n  

t a b l e  XI11 is made up  o f  s a m p l e s  f rom t h e  C r o w s n e s t  c o a l  

f i e l d .  C l o s e  s t u d y  o f  t h i s  m a t r i x  shows t h a t  s t r o n g  p o s i t i v e  



c o r r e l a t i o n s  e x i s t  be tween  a  number o f  e l e m e n t s ,  f o r  example 

K and Rb, K and Cr  and T i  and R b  w h i l e  i n  most  c a s e s  

r e l a t i v e l y  low c o r r e l a t i o n s  a r e  p r e s e n t .  A few of t h e s e  

w a r r a n t  c l o s e r  e x a m i n a t i o n .  

1. The h i g h e s t  v a l u e  o f  a  p o s i t i v e  c o r r e l a t i o n  

c o e f f i c i e n t  is  be tween  K and Rb ( 0 . 8 0 3 ) .  T h i s  is n o t  

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

g r o u p  1 A  m e t a l s  and hence  e x h i b i t  s i m i l a r  c h e m i c a l  

p r o p e r t i e s .  The t e n d e n c y  f o r  b o t h  K and R b  t o  be  r e l a t i v e l y  

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

e l e m e n t s  a r e  p r o b a b l y  n o t  p r e s e n t  a s  s o l u b l e  s a l t s  o r  

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

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

2 .  Both  T i  and K have a t e n d e n c y  t o  fo rm 

a l u m i n o - s i l i c a t e s  ( l i t h o p h i l e  e l e m e n t s )  and h e n c e  t e n d  t o  be 

a s s o c i a t e d  i n  c o a l .  The p o s i t i v e  c o r r e l a t i o n  ( .444)  is an  

i n d i c a t i o n  o f  t h i s  t endency .  Whi le  n o t  a s  h i g h  a s  some of  

t h e  o t h e r  c o r r e l a t i o n s ,  t h i s  v a l u e  is n e v e r t h e l e s s  

s t a t i s t i c a l l y  s i g n i f i c a n t .  



3.Rubidium shows h i g h  c o r r e l a t i o n s  w i t h  a  number o f  

e l e m e n t s  b e s i d e s  K w i t h  v a l u e s  o f  . 5 8 5 ,  . 594 ,  and .572 w i t h  

T i ,  C r ,  and Cu r e s p e c t i v e l y .  The Rb-Ti c o r r e l a t i o n  would b e  

t h e  r e s u l t  o f  a l u m i n o - s i l i c a t e  compounds. No e x p l a n a t i o n  

f o r  t h e  Rb-Cu v a l u e  c a n  b e  found  s i n c e  t h e s e  e l e m e n t s  do n o t  

form any  i n t e r e l e m e n t  complexes .  

4 .  O t h e r  h i g h  c o r r e l a t i o n s  may a l s o  b e  t h e  r e s u l t  

o f  c h e m i c a l  s i m i l a r i t i e s  (Cu and Zn) o r  t h e  c o r r e l a t i o n s  

may, i n  p a r t ,  be a n  a r t i f a c t  o f  t h e  a n a l y s i s .  Such may w e l l  

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

be tween  C r  and a  number o f  t h e  o t h e r  e l e m e n t s .  A s  i n d i c a t e d  

p r e v i o u s l y ,  C r  h a s  a s s o c i a t e d  w i t h  i t  l a r g e  e r r o r s  which may 

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

5.  I t  is i n t e r e s t i n g  t o  n o t e  t h e  g e n e r a l l y  low 

c o r r e l a t i o n  be tween  t h e  r a y l e i g h / c o m p t o n  r a t i o  and t h e  

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

toward h i g h e r  c o r r e l a t i o n s  w i t h  h i g h e r  a t o m i c  number a s  

migh t  b e  e x p e c t e d .  T h i s  i l l u s t r a t e s  t h e  complex n a t u r e  o f  

t h e  R/C r a t i o  and i n d i c a t e s  t h a t  a  number o f  o t h e r  f a c t o . r s  

a r e  i n v o l v e d  w i t h  t h i s  v a l u e .  Such a n  a p p a r e n t  l a c k  of  

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

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



A s i m i l a r  c o r r e l a t i o n a l  a n a l y s i s  c o n d u c t e d  by IGS on 

t h e  c o a l  f r o m  t h e  I l l i n o i s  B a s i n  t ended  t o  show many of  t h e  

same t r e n d s .  T h a t  is ,  h i g h  c o r r e l a t i o n s  o c c u r r e d  be tween  K 

and Rb, K and T i ,  Rb and C r  and between A s  and N i  w h i l e  i n  

most o t h e r  c a s e s  low,  n o n - s i g n i f i c a n t  c o r r e l a t i o n s  were  s e e n  

between e l e m e n t s .  A few s i g n i f i c a n t  d i f f e r e n c e s  d i d  show 

up. For example ,  whe reas  a  h i g h  c o r r e l a t i o n  is s e e n  i n  

t a b l e  X I 1 1  be tween  Zn and Cu and be tween  Rb and Cu, i n  I l l i n o i s  

t h e s e  a s s o c i a t i o n s  were non s i g n i f i c a n t .  T h i s  may be  

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

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

4 . 2 . 2  D i s c r i m i n a n t  A n a l y s i s  o f  Coal  Seams 

T a b l e  X I V  show t h e  r e l e v a n t  s t a t i s t i c s  g e n e r a t e d  

when t h e  d i s c r i m i n a n t  a n a l y s i s  was a p p l i e d  t o  t h e  c o a l  

s amples  which were  g rouped  a c c o r d i n g  t o  p a r t i c u l a r  seams.  

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

t h e  (n-1) g r o u p s  p r e s e n t .  Not a l l  o f  t h e s e  f u n c t i o n s  a r e  

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

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

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



g r o u p s .  I n  p a r t i c u l a r ,  t h e  e i g e n v a l u e  is  a  measure  of  t h e  

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

sum is a  measure  o f  t h e  t o t a l  v a r i a n c e  e x i s t i n g  i n  t h e  

d i s c r i m i n a t i n g  v a r i a b l e s .  From t h e  t a b l e ,  we f i n d  t h a t  o f  

t h e  s i x  f u n c t i o n s  g e n e r a t e d ,  t h e  f i r s t  t h r e e  a c c o u n t  f o r  91% - 

of  t h e  v a r i a n c e .  Thus t h e  f o u r t h  and s u b s e q u e n t  f u n c t i o n s  

a p p e a r  t o  be  o f  l i t t l e  v a l u e .  The c a n o n i c a l  c o r r e l a t i o n s  

p r o v i d e  a  fu r - the r  measure  o f  t h e  i m p o r t a n c e  o f  t h e  

i n d i v i d u a l  f u n c t i o n s .  These v a l u e s  measure  how w e l l  e a c h  o f  

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

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

c o r r e l a t i o n  is  t h e  p r o p o r t i o n  o f  v a r i a n c e  i n  a  p a r t i c u l a r  

d i s c r i m i n a n t  f u n c t i o n  which c a n  be  a c c o u n t e d  f o r  by t h e  

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

85 .0% o f  i t s  v a r i a n c e  c a n  b e  a t t r i b u t e d  t o  g r o u p  

d i f f e r e n c e s .  T h i s  d r o p s  t o  26.8% i n  t h e  c a s e  o f  t h e  f o u r t h  

f u n c t i o n  and l o w e r  s t i l l  f o r  t h e  r e m a i n i n g  two. 

A s  a n  a d d i t i o n a l  measu re  o f  t h e  i m p o r t a n c e  o f  t h e  

d i s c r i m i n a t i o n g  f u n c t i o n s ,  a  v a l u e  f o r  W i l k s '  lambda is  

computed.  T h i s  is an  i n v e r s e  measure  o f  t h e  d i s c r i m i n a t - i n g  

power i n  t h e  o r i g i n a l  v a r i a b l e s  which h a s  n o t  y e t  b e e n  



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

d i s c r i m i n a t i o n  i s  based  on t h e  v a r i a b i l i t y  of  e a c h  o f  t h e  

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

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

l a r g e r  t h e  v a l u e  o f  A , t h e  l e s s  t h e  unaccoun ted  f o r  

i n f o r m a t i o n  r e m a i n i n g .  I n  o r d e r  t o  d e t e r m i n e  t h e  
6 

s i g n i f i c a n c e  o f  t h e  W i l k s '  A v a l u e ,  a  Chi  s q u a r e d  s t a t i s t i c  

was computed a l o n g  w i t h  i t s  l e v e l  o f  s i g n i f i c a n c e .  From 

t a b l e  X I V ,  i t  c a n  be  s e e n  t h a t  t h e  p r o b a b i l i t y  o f  o b t a i n i n g  a  

v a l u e  o f  0 .171  o r  l e s s  is e f f e c t i v e l y  0 ,  w h i l e  t h e  

p r o b a b i l i t y  of  o b t a i n i n g ,  by c h a n c e ,  a  v a l u e  o f  0 .5112  o r  

s m a l l e r  i s  4 4 . 8 % .  T h i s  a g a i n ,  i n d i c a t e s  t h a t  o n l y  t h e  f i r s t  

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

Both t h e  s t a n d a r d i z e d  and u n s t a n d a r d i z e d  

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

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

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

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

Br,Rb, S r  and t h e  R/C r a t i o  a l l  make t h e  g r e a t e s t  

c o n t r i b u t i o n ,  whe reas  Ca is o f  t h e  l e a s t  i m p o r t a n c e .  I n  t h e  

second  f u n c t i o n ,  T i  c o n t r i b u t e s  most  h i g h l y  w h i l e  N i  and S r  



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

c o e f f i c i e n t s  c a n  a l s o  b e  used t o  compute a  d i s c r i m i n a n t  

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

t o  t h e  t r a c e  e l e m e n t  v a l u e s  b e  i n  s t a n d a r d  normal  form.  The 

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

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

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

h a s  a n  o v e r a l l  mean o f  z e r o  and a  s t a n d a r d  d e v i a t i o n  o f  one .  

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

of s t a n d a r d  d e v i a t i o n s  t h a t  s ample  is  away f rom t h e  mean f o r  

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

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

a p p l i e d  i n  a  more f u n c t i o n a l  s e n s e .  These v a l u e s  do  n o t  

r e q u i r e  t h a t  t h e  v a r i a b l e s  be  i n  s t a n d a r d  normal  fo rm.  

' ~ h e s e  a r e  m u l t i p l i e d  b y  t h e  raw v a l u e s  o f  t h e  v a r i a b l e s  t o  

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

t h e m s e l v e s  d o ' n o t  have  t h e  same s t a t i s t i c a l  i n t e r p r e t a t i o n  

a s  s t a n d a r d i z e d  c o e f f i c i e n t s .  N e v e r t h e l e s s ,  t h e  f i n a l  

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

is i d e n t i c a l  t o  t h a t  o b t a i n e d  i n  t h e  s t a n d a r d i z e d  c a s e .  

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

unknown s a m p l e s  c a n  b e  d e t e r m i n e d .  A s i g n i f i c a n c e  t e s t  c a n  

be a p p l i e d  t o  d e t e r m i n e  t h e  p r o b a b i l i t y  o f  an  unknown 

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



F i g u r e  16  shows a  p l o t  o f  t h e  f i r s t  two 

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

Al though a  c o m p l e t e  p i c t u r e  would r e q u i r e  a  p l o t  o f  a l l  s i x  

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

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

a c c o u n t s  f o r  much o f  t h e  v a r i a b i l i t y .  Examina t ion  of  t h i s  

f i g u r e  shows t h a t  t h e r e  i s  some o v e r l a p  be tween  t h e  g r o u p s .  

Some of t h e  g r o u p s  a r e  n o t  c l e a r l y  s e p a r a t e d  e v e n  though t h e  

d i s c r i m i n a t i o n  is  s t a t i s t i c a l l y  s i g n i f i c a n t .  The 

r e c l a s s i f i c a t i o n  r o u t i n e  was a b l e  t o  c o r r e c t l y  i d e n t i f y  80% 

of  t h e  c a s e s  a s  members o f  t h e  g r o u p  t o  wh ich  t h e y  a c t u a l l y  

b e l o n g .  C l o s e r  e x a m i n a t i o n  c l e a r l y  shows a n  o v e r l a p  of  t h e  

g r o u p s  marked 1 and 5 ,  c o r r e s p o n d i n g  t o  seams 1 and 5. 

R e f e r e n c e  t o  t h e  map i n  f i g u r e  6  shows t h a t  t h e s e  a r e  

a d j a c e n t  t o  one  a n o t h e r .  A s i m i l a r  o v e r l a p  is  n o t i c a b l e  

be tween  seams 7 and  9.  Due t o  a  f a u l t  p l a n e ,  t h e s e  seams 

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

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

many i n s t a n c e s  e r r o r s  o c c u r r e d  where t h e  seams t e n d  t o  

' n a r r o w '  i n  t o g e t h e r .  The s a m p l e s  i d e n t i f i e d  a s  5-6 ,  1-10,  

and 10-3 i n  f i g u r e  6 f o r  example ,  were c l a s s i f i e d  a s  

b e l o n g i n g  t o  seams 1, 5 ,  and 9 r e s p e c t i v e l y .  Reasons  f o r  

s u c h  r e s u l t s  may be a t t r i b u t e d  t o  a  number o f  p o s s i b i l i t e s :  



1. a  con t inuum w i t h  r e s p e c t  t o  t h e  t r a c e  e l e m e n t  

c o n c e n t r a t i o n  may e x i s t  i n  some c a s e s  s u c h  t h a t ,  unde r  

c e r t a i n  c o n d i t i o n s ,  t h e r e  is no  s h a r p  d e m a r k a t i o n  be tween  

seams; 

2 .  c o n t a m i n a t i o n  o f  some s a m p l e s  w i t h  c o a l  f rom a  

n e i g h b o u r i n g  seam o c c u r r e d ;  

3 .  t h e  seams f rom c i h i c h  t h e  s a m p l e s  c i e r e  t a k e n  were 

i n c o r r e c t l y  i d e n t i f i e d .  S i n c e  seams a r e  c u r r e n t l y  

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

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

4 .2 .3  D i s c r i m i n a n t  A n a l y s i s  o f  Coal  L o c a t i o n s  

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

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

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

t h r e e  a c c o u n t e d  f o r  99.75% o f  t h e  t o t a l  v a r i a n c e .  

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

t h a t  w h i l e  99 .6% o f  t h e  v a r i a n c e  f o r  t h e  f i r s t  d i s c r i m i n a n t  

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

t o  25 - 4 %  f o r  t h e  f o u r t h  d i s c r i m i n a n t  f u n c t i o n .  



C o n s i d e r a t i o n  o f  t h e  v a l u e  o f  W i l k s '  A shows t h a t  

t h e  p r o b a b i l i t y  of o b t a i n i n g  a  x2 v a l u e  o f  0 .111  o r  l e s s  is 

e f f e c t i v e l y  0 .  T h i s  v a l u e  i n c r e a s e s  f o r  e a c h  o f  t h e  

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

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

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

shows t h a t  w h i l e  t h e r e  is  some o v e r l a p  between t h e  Crowsnes t  

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

f rom t h e  Hat  Creek  s a m p l e s .  I t  is a l s o  s i g n i f i c a n t  t o  n o t e  

t h a t  no o v e r l a p  o c c u r s  be tween  t h e  Hat  Creek  l o c a t i o n s .  I t  

mus t  b e  p o i n t e d  o u t  t h a t  t h e  number o f  Hat  Creek  s a m p l e s  is 

v e r y  s m a l l .  However, i t  a p p e a r s  t h a t  t h e  v a r i a b i l i t y  

be tween  d i f f e r e n t  l o c a t i o n s  i s  q u i t e  pronounced .  The 

r e c l a s s i f i c a t i o n  o f  s a m p l e s  f rom t h e s e  l o c a t i o n s  p roved  

93.2% s u c c e s s f u l .  

I t  is i n t e r e s t i n g  t o  n o t e  t h a t  w h i l e  s i x  l o c a t i o n s  

a r e  i n d i c a t e d  i n  f i g u r e  5,  a p p l i c a t i o n  o f  a  d i s c r i m i n a n t  

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

d i s c r i m i n a t e  be tween  s a m p l e s  f rom l o c a t i o n s  3 and 4 .  

F u r t h e r  i n v e s t i g a t i o n  of  t h e s e  l o c a t i o n s  g i v e  e v i d e n c e  t h a t  

t h e s e  a r e  two o u t c r o p s  o f  t h e  same c o a l  seams and a s  s u c h  

were combined f o r  t h e  f i n a l  a n a l y s i s .  



I t  must  b e  emphasized t h a t  t h e  r e c l a s s i f i c a t i o n  

s u c c e s s  is i n  f a c t  based  on 'unknowns'  which  were i n  f a c t  

used  i n  t h e  o r i g i n a l  a n a l y s i s .  A s  s u c h ,  w h i l e  t h e  

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

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

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

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

s u c c e s s f u l .  The s u c c e s s  o f  bo th  o f  t h e s e  however ,  c a n n o t  b e  

i g n o r e d .  Whi le  t h e  d i s c r i m i n a t i o n  by seams would be  more 

i m p o r t a n t  b o t h  e c o n o m i c a l l y  and g e o l o g i c a l l y ,  i t  must b e  

emphasized t h a t  w h i l e  i t  may n o t  b e  p o s s i b l e  t o  a b s o l u t e l y  

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

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

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

The succes ' s  o f  t h e  d i s c r i m i n a n t  a n a l y s i s  t e n d s  t o  

imply two a p p l i c a t i o n s :  

1. g i v e n  a  c o a l  s ample ,  i t  is p o s s i b l e  t o  g i v e  a  

p r o b a b i l i t y  t h a t  i t  b e l o n g s  t o  one  o f  a  number of  

p r e - c l a s s i  f i ed seams;  



2 .  g i v e n  a  c o a l  s a m p l e ,  i t  is p o s s i b l e  t o  g i v e  a 

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

seam. 

Comparison o f  t h e  two d i s c r i m i n a n t  p r o c e d u r e s  shows 

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

e l e m e n t  i n c l u s i o n  when d i s c r i m i n a t i o n  by seams  was a t t e m p t e d  

was B r ,  S r ,  R/C r a t i o ,  Rb, N i ,  and ~ i .  When a p p l i e d  t o  c o a l  

l o c a t i o n s ,  t h e  o r d e r  o f  i n c l u s i o n  was B r ,  T i ,  Zn, Cu, A s ,  S r  

and Ca. Thus ,  depend ing  upon t h e  s p e c i f i c  a p p l i c a t i o n ,  and 

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

i m p o r t a n c e  o f  a n  e l e m e n t  a s  a  d i s c r i m i n a t o r  may change .  

T h i s  p o i n t s  t o  t h e  f a c t  t h a t  t h e  number o f  v a r i a b l e s  

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

s u c c e s s .  The added a d v a n t a g e  t h a t  may r e s u l t ,  however ,  must 

be  weighed a g a i n s t  t h e  added  c o m p l e x i t y  of  t h e  p rob lem a s  

w e l l  a s  t h e  t i m e '  i n v o l v e d  i n  g e n e r a t i n g  s u c h  v a l u e s .  

I n  g e n e r a l ,  i t  is f e l t  t h a t  t h e  main d i s a d v a n t a g e  o f  

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

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

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



5.  D I S C U S S I O N  

5 .1  X-ray F l u o r e s c e n c e :  Sample P r e p a r a t i o n  and 

A n a l y s i s  

X R F  is an  e f f i c i e n t  and a c c u r a t e  means by which t o  

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

e l e m e n t s  i n  c o a l .  

C e r t a i n  f a c t o r s  must  b e  c o n s i d e r e d  b e f o r e  a t t e m p t i n g  

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

A s  w i t h  any  a n a l y t i c a l  t e c h n i q u e ,  t h e  most  i m p o r t a n t  

c o n s i d e r a t i o n s  a r e  a c c u r a c y ,  r e d u c t i o n  o f  e r r o r s  and lower  

l i m i t  o f  d e t e c t i o n .  A s  s u c h ,  i n  t h i s  s t u d y ,  emphas i s  

was g i v e n  t o  t h e  e s t a b l i s h m e n t  o f  a  r e l i a b l e  s a m p l e  

p r e p a r a t i o n  t e c h n i q u e  and  optimum o p e r a t i n g  c o n d i t i o n s .  

I t  was found t h a t ,  due  t o  t h e  i n e r t n e s s  and b i n d i n g  

q u a l i t i e s  o f  c o a l ,  p e l l e t s  o f  whole  raw c o a l  c o u l d  b e  used 

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

sample  t o  a  u n i f o r m  g r a i n  s i z e  t h e n  p r e s s i n g  i t  i n t o  smooth 

s u r f a c e d  1 3  mm d i a m e t e r  p e l l e t s .  Such a  p r o c e d u r e  p r o b a b l y  



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

a n a l y s i s .  The g r a i n  s i z e  r e q u i r e m e n t  o f  5-5OUm is n o t  

e a s i l y  o b t a i n a b l e .  I t  is f e l t  t h a t  t h e  a lumina  s i l i c a  

g r i n d i n g  v i a l  p roduced  t h e  d e s i r e d  r e s u l t s .  However, a t  

b e s t ,  t h i s  was i n c o n v e n i e n t  t o  u se  s i n c e  e l a b o r a t e  c l e a n i n g  

p r o c e d u r e s  were  r e q u i r e d  a n d ,  due  t o  t h e  c o s t  o f  s u c h  a n  

a p p a r a t u s ,  o n l y  one was a v a i l a b l e .  A s  w e l l ,  r e l a t i v e l y  l o n g  

g r i n d i n g  times were r e q u i r e d .  

The e r r o r  r e s u l t i n g  f rom t h e  a n a l y s i s  o f  a s i n g l e  

p e l l e t  r u n  t e n  t i m e s  a f t e r  removal  and r e p l a c e m e n t  i n  t h e  

i n s t r u m e n t  g i v e s  an  i n d i c a t i o n  of  t h e  homogenei ty  of  t h e  

sample .  The r e l a t i v e l y  l a r g e  e r r o r  a s s o c i a t e d  w i t h  C u  

i n d i c a t e s  t h a t  even  t h e  g r i n d i n g  method used d i d  n o t  p r o d u c e  

a  c o m p l e t e l y  homogeneous sample .  T h i s  may be ,  i n  p a r t ,  a  

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

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

d i s t r i b u t e d .  A s  s u c h ,  i t  was f e l t  t h a t  a n a l y z i n g  t e n  

p e l l e t s  f rom e a c h  sample  h e l p e d  t o  m i n i m i z e  t h e  e f f e c t s  

g e n e r a t e d  f r o m  t h e  non-homogenei ty .  



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

i n c r e a s e  t h e  e f f i c i e n c y  of t h e  c o u n t i n g  s t a t i s t i c s ,  i t  is 

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

w o r t h w i l e  would  n o t  b e  w a r r a n t e d .  

The s p e c t r u m  s t r i p p i n g  . r o u t i n e  used  f o r  t h e  

e v a l u a t i o n  o f  t h e  peak a r e a s  was t h e  compu te r  p rogram 

GAMANAL. Whi l e  o t h e r  r o u t i n e s  were a v a i l a b l e  and have  b e e n  

used ,  t h e  b e s t  r e s u l t s  were o b t a i n e d  w i t h  t h i s  program. A s  

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

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

T h i s  v a l u e  had  t o  b e  computed f rom t h e  raw d a t a  f o r  e a c h  

c a s e .  Whi le  r e l i a b l e  r e s u l t s  were o b t a i n e d  u s i n g  t h i s  

p r o c e d u r e ,  m a n i p u l a t i o n  o f  t h e  d a t a  was cumbersome. I n  t h e  

c a s e  o f  t h e  q u a l i t a t i v e  a n a l y s i s ,  a  s e p a r a t e  p rog ram was 

w r i t t e n  t o  p e r f o r m  s u c h  a m a n i p u l a t i o n .  Whi le  t h i s  worked 

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

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



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

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

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

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

t o  t h e  compton n o r m a l i z e d  peak a r e a .  A s  i n d i c a t e d  i n  

s e c t i o n  2.7 .1 ,  t h i s  had t h e  d i s a d v a n t a g e  o f  r e q u i r i n g  t h e  

NBS c o a l  s a m p l e  t o  a c t  a s  a  s t a n d a r d  r a t h e r  t h a n  a s  a  check  

on t h e  a c c u r a c y  o f  t h e  r e s u l t s .  However, t h e  n e c e s s i t y  o f  

u s i n g  a  s t a n d a r d  w i t h  t h e  same m a t r i x  c h a r a c t e r i s t i c s  a s  t h e  

sample  h a s  b e e n  emphas i zed .  A s  w i t h  t h e  p r e p a r a t i o n  o f  t h e  

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

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

mix ing  t h e  d i l u t i n g  a g e n t  ( somar )  homogeneously w i t h  t h e  

ground c o a l .  The r e s u l t i n g  a g r e e m e n t  be tween  t h e  r e s u l t s  o f  

t h i s  s t u d y  and t h o s e  f rom o t h e r  s o u r c e s  g i v e s  a  measure  o f  

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

5 .2  Q u a l i t a t i v e  A n a l y s i s :  Sample C o l l e c t i o n  and 

P r e p a r a t i o n  

I t  must  b e  emphas i zed ,  i n  v iew o f  t h e  work by , 

N i c h o l l s  and z u b o v i c  (13 ,20 )  on c o a l  seam f o r m a t i o n  and 

t r a c e  e l e m e n t  e n r i c h m e n t ,  t h a t  s a m p l e  c o l l e c t i o n  methods a r e  

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

a p p l i e d .  



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

r e p r e s e n t a t i v e  of t h e  e n t i r e  c o a l  seam. I t  was f o r  t h i s  

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

and mix ing  p r o c e d u r e s  be a s  t ho rough  a s  p o s s i b l e .  

The use  o f  t h e  d i s c r i m i n a n t  a n a l y s i s  p rog ram (SPSS) 

is a  r a t h e r  n o v e l  a p p r o a c h  t o  e v a l u a t i n g  t h e  t r a c e  e l e m e n t  

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

deve loped  f o r  u s e  i n  t h e  s o c i a l  s c i e n c e s .  However, w i t h  

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

s u c c e s s f u l  i n  t h i s  a r e a .  Care  must b e  e x e r c i s e d  i n  

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

e l i m i n a t e d  and e r r o r s  s h o u l d  conform t o  a  m u l t i v a r i a t e  

normal d i s t r i b u t i o n .  

, 5.3 Recommendations For F u r t h e r  Work 

Recommendat ions  f o r  f u r t h e r  r e s e a r c h  f a l l  i n t o  two 

g e n e r a l  a r e a s :  

1. i n v e s t i g a t i o n s  r e l a t e d  t o  c o a l ,  

2 .  i n v e s t i g a t i o n s  r e l a t e d  t o  x - r ay  f l u o r e s c e n c e .  



I n  t h e  c o u r s e  of  t h e  s t u d i e s  c o n d u c t e d  h e r e  on t h e  
'I 

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

e x p e r i m e n t s ,  i t  became c l e a r  t h a t  l i t t l e  is  known a b o u t  t h e  

c h e m i c a l  f o r m  o f  t h e  e l e m e n t s  i n  c o a l .  A l though  i n  a  few 

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

i n v e s t i g a t i o n s  s u c h  a s  l e a c h i n g  e x p e r i m e n t s  supp lemen ted  

w i t h  wet c h e m i c a l  a n a l y s i s  c o u l d  g i v e  some i n t e r e s t i n g  and 

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

more r i g o r o u s  e v a l u a t i o n  of  t h e  p o t e n t i a l  h a z a r d s  o r  u s e s  o f  

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

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

l e a c h i n g  p r o p e r t i e s  o f  c o a l  was beyond t h e  s c o p e  of  t h e  

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

i n d i c a t i o n  t h a t  pH dependen t  p r o c e s s e s  do o c c u r  when c o a l  is 

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

r e q u i r e  a n  e v a l u a t i o n  of  t h e  t o t a l  mass  b a l a n c e  and l e a c h i n g  

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

s o l u t i o n  and l e a c h a t e .  



The d i s c r i m i n a n t  a n a l y s i s  p roved  r e a s o n a b l y  

s u c c e s s f u l .  However, f rom a n  economic p o i n t  o f  view,  one o f  

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

t o  r e l a t e  t h e  c o a l  t o  i t s  c o k i n g  p r o p e r t i e s .  A s  s u c h ,  i t  

would seem r e a s o n a b l e  t o  d e t e r m i n e  i f  t h e r e  is a n  

a s s o c i a t i o n  be tween  t h e  t r a c e  e l e m e n t s  and t h e  rank of  a  

c o a l .  Such an  i n v e s t i g a t i o n  would b e  more g e n e r a l  t h a n  t h a t  

u n d e r t a k e n  h e r e .  The rank  is r e l a t e d  t o  t h e  o r g a n i c  

f r a c t i o n  o f  t h e  c o a l  and c l a s s i f i e d  a s  e x i n i t e  ( d e r i v e d  f r o m  

p o l l e n ,  s p o r e s  and l e a f  e p i d e r m i s ) ,  v i t r i n i t e  ( d e r i v e d  

ma in ly  f rom o r i g i n a l  woody t i s s u e  of t r e e s )  and i n e r t i n i t e  

( d e r i v e d  f rom f u n g a l  r e m a i n s ,  c h a r c o a l  and c h a r r e d  wood) 

( l 5 , 7 0 ) .  S i n c e  t h e r e  a p p e a r s  t o  be  d e f i n i t e  c o m p o s i t i o n a l  

d i f f e r e n c e s  be tween  t h e  t h r e e ,  i t  would b e  o f  i n t e r e s t  t o  

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

t h e  c o a l .  

A t  p r e s e n t  t h e  major  p rob lem w i t h  XRF l i e s  i n  t h e  

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

c o r r e c t i o n s .  I n  t h e  s t u d y  pe r fo rmed  h e r e ,  t h e  method o f  

u s i n g  t h e  NBS c o a l  s ample  t o  p r e p a r e  c a l i b r a t i o n  c u r v e s  . 

worked p r i m a r i l y  b e c a u s e  o f  t h e  f a c t  t h a t  t h e  c o a l  m a t r i x  



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

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

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

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

where  t h e r e  is  a  l a c k  o f  s t a n d a r d s  and  w h e r e  t h e  m a t r i x  

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

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

Work i s  c u r r e n t l y  b e i n g  d o n e  i n  t h i s  a r e a  ( 4 2 ) ,  a l t h o u g h  

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

c a s e s .  More r e s e a r c h  is n e e d e d  on s u c h  p r o b l e m s  and  would  

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

i n  XRF a s  w e l l  a s  t h e  i n s t r u m e n t a t i o n .  

The a b o v e  p o i n t  o u t  some o f  t h e  p o s s i b l e  a r e a s  i n  

which f u r t h e r  work i s  n e e d e d .  W h i l e  e a c h  a r e a  may n o t ,  i n  

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

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

f u t u r e  p r o j e c t s .  



6 .  CONCLUSIONS 

Energy  d i s p e r s i v e  x- ray  f l u o r e s c e n c e  was used t o  

measure  t h e  c o n c e n t r a t i o n s  o f  K ,  Ca, T i ,  Fe ,  Cu, N i ,  A s ,  ~ r ,  

Rb and S r  i n  whole  c o a l  f rom t h e  C r o w s n e s t  c o a l  f i e l d  and 

t h e  Hat Creek  c o a l  f i e l d .  
/ 

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

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

g r a i n  s i z e  and  s a m p l e  t h i c k n e s s .  The l o w e r  l i m i t s  o f  

d e t e c t i o n  w e r e  d e t e r m i n e d  and found  t o  r a n g e  f rom 125  l ~ g / g  

f o r  K t o  0.64 pg /g  f o r  A s .  Homogenei ty  of  t h e  s a m p l e s  

proved  t o  b e  t h e  l a r g e s t  s i n g l e  s o u r c e  o f  e r r o r ,  E r r o r s  on 

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

from 2% i n  e l e m e n t s  i n  l a r g e  c o n c e n t r a t i o n  t o  308 i n  

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

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

f rom c a l i b r a t i o n  w i t h  t h e  NBS c o a l  s t a n d a r d  1632 ,  gave  good 

ag reemen t  when compared w i t h  v a l u e s  o b t a i n e d  u s i n g  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 ,  s p a r k  s o u r c e  mass  s p e c t r o m e t r y  and 

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

I l l i n o i s  c o a l  s a m p l e s  a l s o  g a v e  good a g r e e m e n t  f o r  a l l  

e l e m e n t s  e x c e p t  Ca. 



These c o m p a r i s o n s  i n d i c a t e  t h a t  XRF is a  p r a c t i c a l ,  

r e l a t i v e l y  s e n s i t i v e  method f o r  q u a n t i t a t i v e l y  a n a l y z i n g  

c o a l .  The main s t r e n g t h  o f  x - r ay  f l u o r e s c e n c e  l i e s  i n  i t s  

m u l t i e l e m e n t  c a p a b i l i t y .  

R e s u l t s  o f  a s h i n g  e x p e r i m e n t s  i n d i c a t e  t h a t  most of  

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

however ,  was d e p l e t e d .  A b s o l u t e  c o n c e n t r a t i o n s  were n o t  

c a l c u l a t e d .  

R e s u l t s  showed t h a t  t h e  l e a c h i n g  o f  some e l e m e n t s  

f rom c o a l  is pH d e p e n d e n t .  The c o n c e n t r a t i o n s  o f  t h e  t r a c e  

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

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

c o n d i t i o n s  unde r  which  t h e  e x p e r i m e n t  is c o n d u c t e d  a r e  

i m p o r t a n t .  I n  t h e  c a s e  o f  t h r e e  e l e m e n t s ,  p e r c o l a t i n g  H2S04 

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

s o a k i n g  i n  a  b u f f e r  s o l u t i o n .  

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

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

h i g h l y  c o r r e l a t e d  is K:Rb ( r = 0 . 8 0 3 ) .  O t h e r  s i g n i f i c a n t  . 
r e l a t i o n s h i p s  were o b s e r v e d  be tween  T i  and K ,  and be tween  T i  

and Rb which form a l u m i n o  s i l i c a t e  complexes .  



The compton n o r m a l i z e d  peak a r e a s  f o r  K ,  Ca, T i ,  C r ,  

Fe, Zn, Cut N i ,  A s ,  B r ,  Rb, S r  and t h e  r a y l e i g h  s c a t t e r  peak 

were used a s  v a r i a b l e s  i n  two d i s c r i m i n a n t  a n a l y s i s  

p r o c e d u r e s .  

Us ing  t h e  t r a c e  e l e m e n t s  a s  v a r i a b l e s  t o  

d i s c r i m i n a t e  be tween  seams i n  t h e  Sparwood R i d g e  a r e a  was 

80% s u c c e s s f u l .  M o s t , e r r o r s  i n  r e c l a s s i f i c a t i o n  o c c u r r e d  

between a d j a c e n t  seams o r  where a  number o f  seams na r rowed  

t o g e t h e r .  D i s c r i m i n a t i o n  be tween  v a r i o u s  l o c a t i o n s  p roved  

93% s u c e s s f  u l .  

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

c a n n o t  b e  used  a s  t h e  s o l e  method f o r  d i s t i n g u i s h i n g  be tween  

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

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

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

w h i l e  t h e  t r a c e  e l e m e n t s  c a n  be  used t o  d i s t i n g u i s h  be tween  

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

more s u c c e s s f u l  i n  t h e  c a s e  o f  two n o n - a d j a c e n t  seams.  The 

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

f rom d i f f e r e n t  c o a l  l o c a t i o n s .  



A P P E N D I X  I 

M U L T I V A R I A T E  S T A T I S T I C S -  W I T H I N  G R O U P  AND B E T W E E N  

G R O U P  M A T R I C E S  

T h e  random v a r i a b l e  i s  g i v e n  by  a n  o b s e r v a t i o n  

% 
v e c t o r  c o m p r i s e d  o f  p  0 1 )  d i s t i n c t  random v a r i a b l e s  y; = 

"J. "J. "J 
( Yil rYi2 , . . . . .y: ) Thus f o r  n  s a m p l e s ,  a  d a t a  m a t r i x  c a n  b e  

IP 

c o n s t r u c t e d :  

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

and i t s  t r a n s p o s e  is t h e  pxp symmet r i c  m a t r i x  o f  s q u a r e s  and 

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



Yi 1 Yip 

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

t h e  s a m p l e s  p r o d u c e s  t h e  t o t a l  sum of  s q u a r e s  and c r o s s  

p r o d u c t s  m a t r i x  

I f  t h e  c e n t r o i d  o r  v e c t o r  o f  means f o r  a s i n g l e  

v a r i a b l e  o v e r  t h e  n  s a m p l e s  is g i v e n  by  

where : 
'L 
m = v e c t o r  o f  means 

n = number o f  s a m p l e s  



t h e n  t h e  2 m a t r i x  c a n  be  a d j u s t e d  t o  g i v e  t h e  sum o f  
T 

s q u a r e s  and c r o s s  p r o d u c t s  o f  mean d e v i a t i o n s  

where :  

% = m a t r i x  o f  t h e  sum o f  p r o d u c t s  o f  mean d e v i a t i o n  

s c o r e s  

'L 

ST 
= t o t a l  sum o f  s q u a r e s  and c r o s s  p r o d u c t  m a t r i x  

n = number o f  s a m p l e s  

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

computed f o r  e a c h  o f  t h e  j s u b g r o u p s .  Thus $ is t h e  sum 
j 

of  p r o d u c t s  m a t r i x  a d j u s t e d  t o  t h e  g r o u p  mean, o r  t h e  w i t h i n  

g r o u p  sum o f  p r o d u c t s  m a t r i x .  

A v a r i a n c e - c o v a r i a n c e  m a t r i x  c a n  b e  o b t a i n e d  f o r  

each  g roup :  



and h e n c e  a  g r o u p  c o r r e l a t i o n  m a t r i x :  

where:  

= t h e  g r o u p  c o r r e l a t i o n  m a t r i x  
w j 

'L 5 = t h e  d i a g o n a l  m a t r i x  o f  V 
w j w j 

9 . = t h e  g r o u p  v a r i a n c e - c o v a r i a n c e  m a t r i x  
WI 

To o b t a i n  a  s i n g l e  e s t i m a t e  o f  t h e  
'L 

v a r i a n c e - c o v a r i a n c e  o r  c o r r e l a t i o n  m a t r i c e s ,  t h e  Wj 's must 

b e  combined t o  g i v e  a  poo led  w i t h i n  g r o u p  sum o f  p r o d u c t s :  

giving : 

'L 1 '7, -& 4- %% 
V = 8 and: R = D2 v2 D 
W W W W W  

(n-j 1 

where :  

= t h e  poo led  w i t h i n  g r o u p  v a r i a n c e - c o v a r i a n c e  m a t r i x  
W 

'L 

Rw 
= t h e  p o o l e d  w i t h i n  g r o u p  c o r r e l a t i o n  ma t r ix ,  

5 = t h e  p o o l e d  w i t h i n  g r o u p  s t a n d a r d  d e v i a t i o n  m a t r i x  
W 

2 = t h e  m a t r i x  o f  g r o u p  means 



for the variance-covariance and correlation matrices 

respectively. The pooled within group correlation matrix 

uses weighted averages of the variance-covariance for the 

separate groups. It reflects the degree of association 

between specific variables. 

A between group sum of squared deviation matrix can 

also be defined in which the sum of squared deviations apply 

to the p variables. 

where: 

QJ 

y = nxp matrix of group means on p variates 

% 
Y = nxp matrix of grand means on p variates 

F-RATIO ' 

The F-ratio is used to test the significance of the 

overall difference among several group means on a single 

variable. When there are k groups with a total of n samples, 

the F-ratio is given by: 



where: 

Sb 
= sum of squared deviations between groups 

S = sum of squared deviations within groups 
W 

k = number of groups 

n = number of observations 

This ratio, with (n-k) (k-1) degrees of freedom, is a 

test of the null hypothesis tha-t the population means of the 

groups are not significantly different. To test the hypothesis 

of equality of k group means at a given (a ) significance 

level requires the comparison of the calculated F-ratio with 

tabulated F(n-k)(k-/)(d) values. This assumes that the populations 

from which the samples are drawn are normal. Rejection of H, 

arises if the calculated F is too large. 

A- MAX 

Maximizing an equation of the form: 



requires setting the first derivative equal to zero. 

Thus: 

Substituting equation (9) into equation (10) gives 

'L 'L 'L 
or ( B - A A )  x = O  

'L 
I•’ we assume A exists and is non-singular then 

'L 
multiplying through by A gives: 

I 'L 
or letting 1-1 2 = c gives: 



Solutions require that ~ $ 0 ,  hence: 

% 
( ? - X I )  = o  

% C\, 

is the eigenvalue of C and x is the eigenvector. This 

means that X and 2 are maximized in the expression given 

in equation (13). 
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