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ABSTRACT 

Chemical a n a l y s e s  o f  172 whole c o a l  s amples ,  40 ( 5  s e t s )  bench 
samples  ( v e r t i c a l  segments  o f  t h e  seam) ,  and 64  ( 9  s e t s )  washed c o a l  
samples  ( s e p a r a t e d  by s p e c i f i c  g r a v i t y  methods) have been made by t h e  
I l l i n o i s  S t a t e  Geo log ica l  Survey. One hundred and f o u r t e e n  o f  t h e  172 
whole c o a l  samples  were from t h e  I l l i n o i s  Bas in ,  a s  were a l l  o f  t h e  
bench samples  and 5  of t h e  9 s e t s  o f  washed c o a l s .  The r ema in ing  
samples  were from o t h e r  coal -producing a r e a s  o f  t h e  Uni ted  S t a t e s .  

Elements  determined by chemical  a n a l y s e s  were aluminum ( ~ l ) ,  
antimony ( S b ) ,  a r s e n i c  ( A S ) ,  barium ( B a ) ,  b e r y l l i u m  ( ~ e ) ,  boron ( B ) ,  
bromine (Br  ) , cadmium ( Cd ) , ca lc ium ( Ca) , carbon (C) , cer ium ( Ce) , 
ces ium ( C s )  , c h l o r i n e  ( C l ) ,  chromium ( C r ) ,  c o b a l t  (CO) ,  copper  (Cu) , 
dysprosium ( ~ y ) ,  europium ( EU) , f l u o r i n e  ( F )  , g a l l i u m  (Gal , germanium 
(Ge) ,  go ld  (Au) , hafnium ( H f )  , hydrogen (HI, indium ( I n ) ,  i o d i n e  ( I ) ,  
i r o n  ( F e ) ,  lanthanum ( L a ) ,  l e a d  ( P b ) ,  l u t e t i u m  ( L u ) ,  magnesium (Mg), 
manganese (Mn), mercury (Hg) ,  molybdenum (Mo), n i c k e l  ( N i l ,  n i t r o g e n  
( N )  , oxygen ( 0 )  , phosphor u s  ( P I ,  po ta s s ium (K) , rubidium ( R b ) ,  
samarium (Sm), scandium ( S c ) ,  s e l en ium ( S e ) ,  s i l i c o n  ( S i ) ,  s i l v e r  
(Ag) ,  sodium ( N a ) ,  s t r o n t i u m  ( S r ) ,  s u l f u r  ( S ) ,  t a n t a l u m  ( T a ) ,  t e r b i u m  
( T b ) ,  t h a l l i u m  ( T l ) ,  t ho r ium ( T h ) ,  t i n  ( S n ) ,  t i t a n i u m  ( ~ i ) ,  t u n g s t e n  
( W ) ,  uranium (U), vanadium ( V ) ,  y t t e r b i u m  (Yb), z i n c  ( ~ n ) ,  and 
z i r con ium ( Z r ) .  I n  a d d i t i o n  t o  t h e  60 e l emen t s ,  t h e  samples  were 
ana lyzed  f o r  t h e  s t a n d a r d  c o a l  pa ramete r s .  A n a l y t i c a l  methods i n c l u d e d  
n e u t r o n  a c t i v a t i o n  a n a l y s e s ,  a tomic  a b s o r p t i o n  s p e c t r o s c o p y ,  X-ray 
f l u o r e s c e n c e  s p e c t r o s c o p y ,  o p t i c a l  emiss ion  s p e c t r o s c o p y ,  and i o n  
s e l e c t i v e  e l e c t r o d e  a n a l y s e s .  

S t a t i s t i c a l  a n a l y s e s  o f  t h i s  l a r g e  q u a n t i t y  of  d a t a  on whole c o a l  
samples  have a l lowed f o r  many g e n e r a l i z a t i o n s  t o  be drawn i n c l u d i n g :  

1 .  E lemen ta l  c o n c e n t r a t i o n s  t e n d  t o  be  h i g h e s t  i n  c o a l s  
from t h e  Appalachians ,  l owes t  i n  c o a l s  o f  t h e  wes te rn  Uni ted  
S t a t e s ,  and i n t e r m e d i a t e  i n  c o a l s  from t h e  I l l i n o i s  Bas in .  

2.  Elements  t h a t  have t h e  l a r g e s t  r anges  i n  
c o n c e n t r a t i o n s  a r e  t h o s e  t h a t  a r e  found i n  d i s t i n c t  m i n e r a l  
p h a s e s  i n  t h e  c o a l s ;  e l emen t s  w i t h  narrow r a n g e s  a r e  o f t e n  
t h o s e  found i n  o r g a n i c  combinat ion i n  c o a l .  
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3. Only  f o u r  e l e m e n t s  a r e ,  on  t h e  a v e r a g e ,  p r e s e n t  i n  
c o a l s  i n  c o n c e n t r a t i o n s  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h e  
c l a r k e  o f  t h o s e  e l e m e n t s  ( a v e r a g e  c o n c e n t r a t i o n  i n  t h e  
e a r t h ' s  c r u s t ) .  T h e s e  a r e  b o r o n ,  c h l o r i n e ,  s e l e n i u m ,  and  
a r s e n i c .  Not a l l  a r e  c o n c e n t r a t e d  i n  e a c h  o f  t h e  s amp le s  
a n a l y z e d  f rom t h e  t h r e e  g e o g r a p h i c  g r o u p s  ( e a s t e r n  U.S., 
w e s t e r n  U.S., and t h e  I l l i n o i s  B a s i n ) .  

4 .  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  i n  c o a l s  a r e  
l o w e r  t h a n  t h e  c l a r k e  o f  t h e  e l e m e n t s .  

5. Boron i s  c o n c e n t r a t e d  o n l y  i n  t h e  c o a l s  o f  t h e  
I l l i n o i s  B a s i n ;  p o s s i b l y  t h e  p r e s e n c e  o f  bo ron  r e p r e s e n t s  a 
g r e a t e r  ma r ine  i n f l u e n c e  d u r i n g  and  immed ia t e ly  f o l l o w i n g  
t h e  t i m e  o f  t h e  c o a l  swamp i n  t h e  b a s i n .  

G e n e r a l i z a t i o n s  f rom t h e  s t a t i s t i c a l  a n a l y s e s  o f  t h e  a n a l y t i c a l  
d a t a  from f i v e  bench  s e t s  f rom t h e  I l l i n o i s  B a s i n  i n c l u d e  t h e  
f o l l o w i n g :  

1 .  Wide v a r i a t i o n s  i n  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  
p r e s e n t  be tween benches  of  a  s i n g l e  c o a l  s amp led ,  

2.  Al though e l e m e n t s  may be c o n c e n t r a t e d  w i t h i n  any  
bench o f  a  c o a l ,  c o n c e n t r a t i o n s  a r e  more commonly obse rved  
a t  t h e  t o p  a n d / o r  bo t t om o f  t h e  c o a l  seam. 

3. Germanium i s  c o n c e n t r a t e d  i n  t h e  t o p  and  b o t t o m  
benches  o f  f o u r  o f  t h e  f i v e  bench s e t s .  

4 .  Most e l e m e n t s  o c c u r  i n  s i g n i f i c a n t l y  h i g h e r  
c o n c e n t r a t i o n s  i n  t h e  f i n e - g r a i n e d  s e d i m e n t a r y  r o c k s  
a s s o c i a t e d  w i t h  t h e  c o a l  ( r o o f  s h a l e s ,  u n d e r c l a y s ,  and  
p a r t i n g s )  t h a n  i n  t h e  c o a l .  

An i n d e x  o f  o r g a n i c  a f f i n i t y  o f  t h e  e l e m e n t s  was c a l c u l a t e d  f rom 
c u m u l a t i v e  c u r v e s  ( w a s h a b i l i t y  c u r v e s )  of  t h e  d a t a  d e t e r m i n e d  on 
s p e c i f i c  g r a v i t y  f r a c t i o n s  o f  t h e  washed c o a l s .  E l emen t s  have  been  
c l a s s i f  l e d  a s  " o r g a n i c f r ,  " i n t e r m e d i a t e - o r g a n i c "  , " i n t e r m e d i a t e -  
i n o r g a n i c n ,  and  " i n o r g a n i c N ,  on t h e  b a s i s  o f  v a l u e  o f  t h e  o r g a n i c  
a f f i n i t y  i n d e x .  C o a l s  o f  t h e  I l l i n o i s  B a s i n  a r e  q u i t e  s i m i l a r  i n  t h i s  
r e g a r d .  The  f o l l o w i n g  g e n e r a l i z a t i o n s  a r e  s u g g e s t e d :  

1 .  Germanium, b e r y l l i u m ,  b o r o n ,  and an t imony a r e  
c l a s s i f i e d  w i t h i n  t h e  o r g a n i c  g r o u p  i n  a l l  s amp le s .  
Germanium h a s  t h e  h i g h e s t  v a l u e  o f  o r g a n i c  a f f i n i t y  i n  e a c h  
c o a l .  

2.  Z i n c ,  cadmium, manganese ,  a r s e n i c ,  molybdenum, and 
i r o n  a r e  w i t h i n  t h e  i n o r g a n i c  g r o u p  i n  a l l  f o u r  s amp le s .  

3. A number o f  m e t a l s  i n c l u d i n g  c o b a l t ,  n i c k e l ,  c o p p e r ,  
chromium, and  s e l e n i u m  have  o r g a n i c  a f f i n i t i e s  w i t h i n  t h e  
i n t e r m e d i a t e  c a t e g o r i e s .  T h i s  s u g g e s t s  a  p a r t i a l  
c o n t r i b u t i o n  f rom s u l f i d e  m i n e r a l s  i n  t h e  c o a l  b u t  a l s o  
s u g g e s t s  t h e  p r e s e n c e  o f  t h e s e  e l e m e n t s  i n  o r g a n o m e t a l l i c  
compounds, a s  c h e l a t e d  s p e c i e s ,  o r  a s  a d s o r b e d  c a t i o n s .  



TRACE ELEblXlVTS IN COAL 

INTRODUCTION 

I 

Within r e c e n t  y e a r s  t h e  g e n e r a l  p u b l i c  and t h e  s c i e n t i f i c  
community have become i n c r e a s i n g l y  aware of t h e  problems o f  energy  and 
environment t h a t  d i r e c t l y  a f f e c t  t h e  a c t i v i t i e s  o f  people  i n  t h e  
United S t a t e s ,  The problems a r e  no t  s e p a r a t e  and d i s t i n c t ,  but  r a t h e r  
a r e  a s s o c i a t e d  i n t i m a t e l y  wi th  each o t h e r ,  To ma in t a in  a  s t a n d a r d  of  
l i v i n g  s i m i l a r  t o  t h a t  which h a s  evolved i n  t h e  United S t a t e s  w i l l  
r e q u i r e  t h e  i n c r e a s e d  development o f  a domes t ic  s o u r c e  o f  energy,  To 
p r e s e r v e  t h e  q u a l i t y  of  l i f e  t o  which everyone a s p i r e s  w i l l  
n e c e s s i t a t e  p roduc t ion  of  t h a t  energy  i n  an envi ronmenta l ly  a c c e p t a b l e  
manner. 

Coal i s  t h e  most abundant f o s s i l  f u e l  r e sou rce  i n  t h e  United 
S t a t e s  (Simon and Malhot ra ,  1976) ,  Energy from c o a l  w i l l  c on t i nue  t o  
be e x t r a c t e d  i n  t h e  "normalI1 way by d i r e c t  combustion i n  s team b o i l e r s  
and g e n e r a t i o n  of e l e c t r i c i t y .  However, e x t e n s i v e  r e s e a r c h  i s  be ing  
done t o  f i n d  e f f i c i e n t  methods of  p roduc ing  c l e a n  and e a s i l y  handled 
gaseous  and l i q u i d  f u e l s  from c o a l ,  Coal i s  composed n o t  on ly  of t h o s e  
e lements  g e n e r a l l y  cons ide r ed  t o  be o rgan i c  ( C ,  H ,  0 ,  and ) which 
a r e  u t i l i z e d  i n  c o n v e r t i n g  c o a l  t o  s y n t h e t i c  f u e l s ,  bu t  it i s  
ex t remely  he te rogeneous  and c o n t a i n s  s i g n i f i c a n t  q u a n t i t i e s  of  
l l inorganicH e lements .  These i n o r g a n i c  e lements  a r e  a s s o c i a t e d  
p r i m a r i l y  with i n d i v i d u a l  m ine ra l  phases  i n  t h e  c o a l .  The term 
"minera l  ma t t e r f1  i s  o f t e n  used t o  r e f e r  t o  a l l  t h e  i n o r g a n i c  
c o n s t i t u e n t s  o f  c o a l ,  

Minera l  m a t t e r ,  i n c l u d i n g  major ,  minor ,  and t r a c e  e l emen t s ,  
composes a  s i g n i f i c a n t  p ropo r t i on  o f  c o a l .  It i s  d i f f i c u l t  t o  
p r e c i s e l y  measure t h e  q u a n t i t y  of  m ine ra l  ma t t e r  i n  c o a l .  For t h e  
purposes  o f  t h i s  s t u d y  t h e  amount o f  rad io- f requency  low-temperature  
a s h  produced i n  a  rad io- f requency  a she r  a t  t empe ra tu r e s  below 150°C 
(G lusko t e r ,  1965b; Rao and G lusko t e r ,  1973) w i l l  be assumed t o  equa l  
t h e  mine ra l  m a t t e r  of t h e  c o a l .  I n  t h e  c o a l  samples  r e p o r t e d  i n  t h i s  
s t u d y ,  t h e  mine ra l  m a t t e r  ranges  from 3.8 percen t  t o  31.7 pe r cen t  w i th  
a  mean v a l u e  of  15.3 p e r c e n t ,  Before t h e  s i g n i f i c a n c e  o f  t h i s  
p r o p o r t i o n  of t h e  c o a l  can  be i n t e l l i g e n t l y  a s s e s s e d ,  a c c u r a t e  
de t e rmina t i ons  o f  t h e  v a r i o u s  e lements  con t a ined  i n  t h e  a s h  must be 
made, 

The I l l i n o i s  S t a t e  Geolog ica l  Survey has  had a  c o n t i n u i n g  
r e s e a r c h  e f f o r t  on t h e  chemis t ry  of  c o a l  f o r  n e a r l y  s e v e n t y  y e a r s .  
Mi th in  t h e  p a s t  s i x  y e a r s ,  e f f o r t s  have been c o n c e n t r a t e d  on t h e  
a n a l y s e s  of c o a l  f o r  t r a c e  e lements .  These e f f o r t s  have r e s u l t e d  i n  a  
number of p u b l i c a t i o n s ,  i n c l u d i n g :  Ruch e t  a l e ,  1971, 1973, 1974; 
G lusko t e r  and L indah l ,  1973; G lusko t e r ,  1975; F r o s t  e t  a l , ,  1975; Kuhn 
e t  a l e ,  1975; and Dreher and S c h l e i c h e r ,  1975. 
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During t h e  p e r i o d  1972-1976, t h e s e  e f f o r t s  were p a r t i a l l y  
s u p p o r t e d  by t h e  U.S. Env i ronmenta l  P r o t e c t i o n  Agency. T h i s  r e p o r t  
summarizes  a l l  t h e  a n a l y t i c a l  d a t a  c o l l e c t e d  d u r i n g  t h e  p e r i o d  o f  t h a t  
s u p p o r t ,  I n  p a r t ,  i t  d u p l i c a t e s  m a t e r i a l  i n  p r e v i o u s  p u b l i c a t i o n s  ( f o r  
example ,  Huch e t  a l e  , 1973, 1974) .  

The i n i t i a l  e f f o r t  (Huch e t  a l . ,  1973,1974)  i n v o l v e d  a  
comprehens ive  c h a r a c t e r i z a t i o n  o f  101 c o a l s  o f  t h e  Uni ted  S t a t e s ,  most 
of which were  f rom t h e  I l l i n o i s  B a s i n ,  The ' i n i t i a l  s t u d y  i n c l u d e d  
development  and r e f i n e m e n t  o f  s p e c i f i c  chemica l  and m i n e r a l o g i c a l  
methods o f  a n a l y s i s ,  new methods f o r  sample  p r e t r e a t m e n t ,  
v o l a t i l i z a t i o n  s t u d i e s ,  and more e f f i c i e n t  methods f o r  t r e a t m e n t  o f  
t h e  d a t a .  The s t u d y  l a i d  t h e  f o u n d a t i o n  f o r  many geochemica l  
c o n c l u s i o n s ,  b u t  a l s o  i n d i c a t e d  t h e  n e c e s s i t y  f o r  f u r t h e r  work. 

The p r e s e n t  p r o j e c t  i s  concerned  w i t h  t h e  a n a l y s e s  o f  71 
a d d i t i o n a l  U.S. c o a l s ,  more t h a n  h a l f  o f  which a r e  f rom t h e  e a s t e r n  
and  w e s t e r n  c o a l - p r o d u c i n g  a r e a s ;  t h e  r e m a i n d e r  a r e  f rom t h e  I l l i n o i s  
B a s i n  ( f i g .  1 ) .  The s t u d y  a l s o  i n c l u d e s  40 bench samples  ( v e r t i c a l  
segments  w i t h i n  a c o a l  seam) r e p r e s e n t i n g  f i v e  g e o l o g i c a l l y  d i f f e r e n t  
e n v i r o n m e n t s  f rom t h e  I l l i n o i s  B a s i n ,  and 32 f l o a t - s i n k  samples  
( g r a v i t y  f r a c t i o n  s e p a r a t i o n s )  from f i v e  c o a l s  t h a t  a r e  g e o g r a p h i c a l l y  
w i d e l y  s e p a r a t e d  a n d  t h a t  d i f f e r  s i g n i f i c a n t l y  b o t h  g e o l o g i c a l l y  and 
c h e m i c a l l y .  

The s c o p e  o f  t h e  work was ex tended  i n  t h i s  s t u d y  t o  i n c l u d e  t h e  
d e t e r m i n a t i o n s  o f  23  a d d i t i o n a l  e l e m e n t s ,  many of which had n o t  had 
t h e i r  d i s t r i b u t i o n s  i n  c o a l  c h a r a c t e r i z e d  p r e v i o u s l y .  These  a n a l y s e s  
were  made p o s s i b l e  by advances  i n  a n a l y t i c a l  methods ,  e s p e c i a l l y  by 
t h e  a c q u i s i t i o n  o f  a  h i g h - r e s o l u t i o n  d e t e c t o r  f o r  i n s t r u m e n t a l  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  (INAA). The 71 whole c o a l  s a m p l e s ,  t h e  40 bench 
s a m p l e s ,  and t h e  32 washed c o a l  samples  were  a n a l y z e d  f o r  t h e s e  23  
a d d i t i o n a l  e l e m e n t s ,  a s  were  t w e n t y - f i v e  samples  f rom t h e  H e r r i n  (No, 
6 )  Coa l  Member o f  I l l i n o i s ,  s e l e c t e d  f rom t h e  g roup  o f  101 c o a l s  
p r e v i o u s l y  a n a l y z e d ,  

The p r e s e n t  r e p o r t  i n c l u d e s  d a t a  on a n a l y t i c a l  d e t e r m i n a t i o n s  
made on 172 whole  c o a l  s a m p l e s ,  6 4  washed c o a l  s a m p l e s ,  and 40 bench 
samples .  The 60 m a j o r ,  m i n o r ,  and t r a c e  e l e m e n t s  d e t e r m i n e d  were  
aluminum ( A l ) ,  ant imony ( S b ) ,  a r s e n i c  ( A s ) ,  bar ium ( B a ) ,  b e r y l l i u m  
( B e ) ,  boron ( B ) ,  bromine ( b r ) ,  cadmium ( C d ) ,  c a l c i u m  ( C a ) ,  ca rbon  ( C ) ,  
c e r i u m  ( C e ) ,  ces ium ( C s ) ,  c h l o r i n e  ( C l ) ,  chromium ( C r ) ,  c o b a l t  (Co) ,  
c o p p e r  (Cu) ,  dyspros ium ( D y ) ,  europium ( E u ) ,  f l u o r i n e  ( F ) ,  g a l l i u m  
( G a ) ,  germanium ( G e ) ,  g o l d  (Au) ,  ha fn ium ( H f ) ,  hydrogen ( H ) ,  i nd ium 
( I n ) ,  i o d i n e  (I), i r o n  ( F e ) ,  l an thanum ( L a ) ,  l e a d  ( P b ) ,  l u t e t i u m  ( L u ) ,  
magnesium (Mg), manganese (Mn), mercury ( H g ) ,  molybdenum (Mo), n i c k e l  
( N i ) ,  n i t r o g e n  ( N ) ,  oxygen ( O ) ,  p h o s p h o r u s  ( P ) ,  p o t a s s i u m  ( K ) ,  
r u b i d i u m  ( R b ) ,  samarium (Sm) , scandium ( S c ) ,  s e l e n i u m  ( S e )  , s i l i c o n  
( S i )  , s i l v e r  (Ag) , sodium (Na)  , s t r o n t i u m  ( S r )  , s u l f u r  ( S )  , t a n t a l u m  
( T a ) ,  t e r b i u m  ( T b ) ,  t h a l l i u m  ( T l ) ,  t h o r i u m  ( T h ) ,  t i n  ( S n ) ,  t i t a n i u m  
( T i ) ,  t u n g s t e n  (M), uran ium ( U ) ,  vanadium ( V ) ,  y t t e r b i u m  (Yb) ,  z i n c  
( Z n ) ,  and z i r c o n i u m  ( Z r )  ( f i g .  2 ) .  
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F i g .  2 - Elements r epor t ed  i n  t h i s  s tudy i n d i c a t e d  by diag- 
ona l  l i n e s  on t h e  pe r iod ic  t a b l e .  

The f o l l o w i n g  c o a l  p a r a m e t e r s  were  u s u a l l y  de te rmined  and  a r e  
r e p o r t e d  f o r  most  s a m p l e s :  m o i s t u r e ,  low- tempera tu re  a s h  ( m i n e r a l  
m a t t e r ) ,  h i g h - t e m p e r a t u r e  a s h ,  t o t a l  s u l f u r ,  s u l f a t e  s u l f u r ,  p y r i t i c  
s u l f u r ,  o r g a n i c  s u l f u r ,  h e a t i n g  v a l u e  (BTU), f r e e  s w e l l i n g  i n d e x  
( F S I ) ,  G i e s e l e r  p l a s t i c i t y ,  w a t e r - s o l u b l e  c h l o r i n e ,  p r o x i m a t e  a n a l y s e s  
( v o l a t i l e  m a t t e r ,  f i x e d  c a r b o n ) ,  and u l t i m a t e  a n a l y s e s  ( C ,  H, N, 0 ) .  
I n  a d d i t i o n ,  d u r i n g  t h e  p r o j e c t ,  u s e f u l  t e c h n i q u e s  were  deve loped  f o r  
i n s t r u m e n t a l  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  w i t h  a  G e ( L i )  d e t e c t o r  (INAA) 
and  f o r  a t o m i c  a b s o r p t i o n  s p e c t r o m e t r y  ( A A )  u s i n g  a  g r a p h i t e  f u r n a c e  
e x c i t a t i o n  s o u r c e  ( s e e  a p p e n d i x ) ,  

The append ix  i n c l u d e s :  1 )  t h e  t e c h n i q u e s  u s e d  t o  p r e p a r e  t h e  
s a m p l e s  f o r  c h e m i c a l  a n a l y s e s ;  2 )  t h e  a n a l y t i c a l  methods deve loped  f o r  
d e t e r m i n a t i o n  o f  many o f  t h e  t r a c e  e l e m e n t s  i n  c o a l ;  3 )  a  d i s c u s s i o n  
o f  t h e  r e s u l t s  o b t a i n e d  by two o r  more a n a l y t i c a l  methods f o r  t h e  same 
e l e m e n t ;  and 4) summary t a b l e s  l i s t i n g  t h e  a n a l y t i c a l  t e c h n i q u e s  u s e d  
i n  t h e  d e t e r m i n a t i o n  o f  t h e  e l e m e n t s  r e p o r t e d  i n  t h e  body of  t h e  
r e p o r t .  

The t o t a l  amount o f  d a t a  i n  t h i s  r e p o r t  i s  v e r y  
l a r g e - a p p r o x i m a t e l y  20 ,000  d e t e r m i n a t i o n s .  Complete g e o l o g i c  
i n t e r p r e t a t i o n  o f  t h e s e  d a t a  i s  beyond t h e  s c o p e  o f  t h i s  r e p o r t .  
However, some p a r t i a l  s t a t i s t i c a l  a n a l y s e s  o f  t h e  c h e m i c a l  a n a l y t i c a l  
d a t a  have been comple ted .  For  e a c h  e lement  t h e  d a t a  on whole  c o a l  
samples  have been a n a l y z e d  s t a t i s t i c a l l y  f o r  a r i t h m e t i c  mean, 
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g e o m e t r i c  mean, r a n g e ,  and s t a n d a r d  d e v i a t i o n .  The d a t a  nave  a l s o  been 
t e s t e d  f o r  l i n e a r  r e l a t i o n s h i p s  among t h e  e l e m e n t s ,  and a  m a t r i x  o f  
c o r r e l a t i o n  c o e f f i c i e n t s  i s  p r e s e n t e d .  E l e m e n t a l  c o n c e n t r a t i o n s  o f  t h e  
c o a l s  a n a l y z e d  have  been compared t o  t h e  a v e r a g e  c o n c e n t r a t i o n s  of  t h e  
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 ) .  C o n c e n t r a t i o n s  o f  
e l e m e n t s  i n  c o a l s  from t h e  e a s t e r n  and t h e  w e s t e r n  c o a l  f i e l d s  o f  t h e  
U n i t e d  S t a t e s  have been compared t o  c o n c e n t r a t i o n s  o f  t h o s e  e l e m e n t s  
i n  c o a l s  o f  t h e  I l l i n o i s  Bas in .  Chemical  a n a l y t i c a l  d a t a  d e t e r m i n e d  on 
bench samples  have been a n a l y z e d  s i m i l a r l y ;  t h e  d i s t r i b u t i o n  o f  t h e  
e l e m e n t s  i n  i n d i v i d u a l  benches  o f  a  c o a l  a r e  shown a s  h i s t o g r a m s  on 
which t h e  benches  a r e  s c a l e d  a s  t o  t h i c k n e s s  and  non-coal  p a r t i n g s  a r e  
shown. 

An a d d i t i o n a l  s e t  o f  a n a l y t i c a l  v a l u e s  was d e t e r m i n e d  on a  s e r i e s  
o f  llwashedtl c o a l  samples .  These  samples  were  s e p a r a t e d  i n t o  s p e c i f i c  
g r a v i t y  f r a c t i o n s  and e a c h  f r a c t i o n  was a n a l y z e d  f o r  n o s t  o f  t h e  same 
m a j o r ,  m i n o r ,  and t r a c e  e l e m e n t s  a s  were  t h e  whole c o a l  samples .  The 
r e s u l t s  o f  t h e  a n a l y s e s  o f  t h e s e  samples  a r e  o f  s p e c i a l  v a l u e  f o r  two 
r e a s o n s ,  F i r s t ,  t h e  r e s u l t s  d e m o n s t r a t e  which o f  t h e  e l e m e n t s  can  be  
removed f rom t h e  c o a l s  by s p e c i f i c  g r a v i t y  t e c h n i q u e s  and t h e  amount 
o f  each e lement  t h a t  c a n  b e  s o  removed, Second ,  such  d a t a  c a n  i n d i c a t e  
t h e  mode o f  o . ccur rence  o f  an e lement  i n  t h e  c o a l ,  whe the r  it i s  i n  
o r g a n i c  o r  i n  i n o r g a n i c  combina t ion  a n d ,  i f  i n  i n o r g a n i c  c o m b i n a t i o n ,  
c a n  s u g g e s t  w i t h  which g r o u p  o f  m i n e r a l s  it i s  most l i k e l y  t o  b e  
a s s o c i a t e d .  

A number o f  t a b l e s  o f  d a t a ,  a l l  o f  which a r e  computer  g e n e r a t e d ,  
a r e  i n c l u d e d  i n  t h i s  r e p o r t ,  T a b l e  I  l i s ts  a l l  t h e  a b b r e v i a t i o n s  t h a t  
were  n e c e s s a r i l y  used  i n  t h o s e  t a b l e s ,  and t h e r e b y  a p p r e c i a b l y  r e d u c e s  
t h e  number o f  f o o t n o t e s  needed i n  t h e  i n d i v i d u a l  t a b l e s .  

The e x t e n s i v e  program o f  c o a l  s a m p l i n g ,  a n a l y s e s ,  and d a t a  
i n t e r p r e t a t i o n  on which t h i s  p u b l i c a t i o n  i s  based  was pe r fo rmed  u n d e r  
C o n t r a c t  No. 68-02-0246, C o n t r a c t  68-02-1472, Gran t  No. R-800059, and 
G r a n t  R-804403 from t h e  F u e l  P r o c e s s  Branch ,  I n d u s t r i a l  Env i ronmenta l  
Resea rch  L a b o r a t o r y ,  Env i ronmenta l  P r o t e c t i o n  Agency, R e s e a r c h  
T r i a n g l e  P a r k ,  North  C a r o l i n a .  The c o n t r a c t s  and g r a n t s  were  a r r a n g e d  
t h r o u g h  and a d m i n i s t e r e d  by t h e  U n i v e r s i t y  o f  I l l i n o i s ;  t h e  work was 
performed by t h e  I l l i n o i s  S t a t e  G e o l o g i c a l  Survey .  The f i n a n c i a l  
s u p p o r t  f o r  t h e s e  i n v e s t i g a t i o n s  f rom t h e  U.S. E n v i r o n m e n t a l  
P r o t e c t i o n  Agency i s  g r a t e f u l l y  acknowledged. We a r e  a l s o  g r a t e f u l  t o  
t h e  c o a l  companies  i n  t h e  I l l i n o i s  B a s i n  and i n  o t h e r  p a r t s  o f  t h e  
U n i t e d  S t a t e s  f o r  t h e i r  c o o p e r a t i o n  i n  a l l o w i n g  u s  t o  c o l l e c t  samples  
f rom t h e i r  mines .  I n  a d d i t i o n  t o  t h o s e  l i s t e d  a s  a u t h o r s  o f  t h i s  
r e p o r t ,  ma jo r  c o n t r i b u t i o n s  t o  t h e  s t u d y  were  made by a  number of 
c h e m i s t s  and g e o l o g i s t s  on t h e  s t a f f  o f  t h e  I l l i n o i s  S t a t e  G e o l o g i c a l  
Survey ,  We w i s h  t o  acknowledge t h e  f o l l o w i n g  c o l l e a g u e s  f o r  t h e i r  
a s s i s t a n c e  and t o  e x p r e s s  our  s i n c e r e  g r a t i t u d e  f o r  t h e i r  e f f o r t s :  
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TABLE 

A 
A A 
ACS 
AD L 
ASTM 
B 
BCUHA 
Btu 
C 
CDC 
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CGB 
cm 
DC 
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F 
F C 
FIXC 
F S  
g  
G B 
Ge-Li 
HT A 
HV AB 
HVBB 
HVCB 
i n  
I N  A A 
ISE 
kg 
LTA 
LVB 
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m l  
MO I S  
NVB 
N A A 
NBS 
OE-DR 
OE-P 
ORS 
P Pm 
PYS 
RM 
S  
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SBB 
SB C 
STD 
SLi S  
SXRF 
TOS 
lJ 
USBM 
USGS 
VOL 
W 
)IRE' 

1ABBREVIATIONS USED IN TEXT AND TABLES 

angstrom u n i t  
Atomic abso rp t i on  
American Chemical S o c i e t y  
Air-dry l o s s  
American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  
Bench sample 
B r i t i s h  Coal U t i l i z a t i o n  Research Assoc i a t i on  
B r i t i s h  Thermal Un i t s  
Column sample 
Composite d r i l l  c o r e  sample 
Composite f a c e  channel  sample 
Composite g r ab  sample 
Cent imeters  
D r i l l  c o r e  sample 
United S t a t e s  Environmental  P r o t e c t i o n  Agency 
F l o a t  f r a c t i o n  
Face channel  sample 
Fixed carbon 
F loa t - s i nk  f r a c t i o n  
gamma 
Grab sample 
Li th ium d r i f t e d  germanium ( d e t e c t o r )  
High-temperature a sh  
High v o l a t i l e  A bi tuminous 
High v o l a t i l e  B bituminous 
High v o l a t i l e  C bi tuminous 
i n c h  
instrumental Neutron Ac t i va t i on  Ana ly s i s  
I on -Se l ec t i ve  E l e c t r o d e  
k i logram 
Low-temperature ash  
Low v o l a t i l e  bi tuminous 
mi l l i g r am 
m i l l i l i t e r  
Mois ture ,  a s  r e ce ived  
Medium v o l a t i l e  bi tuminous 
Neutron Ac t i va t i on  Ana ly s i s  
Na t i ona l  Bureau o f  S t anda rds  
O p t i c a l  Emission-Direct  Reading 
O p t i c a l  Emission-Photographic 
Organic  s u l f u r  
p a r t s  pe r  m i l l i o n  
P y r i t i c  S u l f u r  
Run o f  mine sample 
Sink f r a c t i o n  
Sub-bituminous - A 
Sub-bituminous - B 
Sub-bituminous - C 
S tandard  d e v i a t i o n  
S u l f a t e  s u l f u r  
S u l f u r  by X-ray F luo re scence  
T o t a l  s u l f u r  
micro- 
United S t a t e s  Bureau of  Mines 
United S t a t e s  Geo log i ca l  Survey 
V o l a t i l e  ma t t e r  
Washed sample 
X-ray F luo re scence  
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L.R.Camp,F. L.  F i ene ,  J .  K. F r o s t ,  R .  T .  Gracon, S o  D. Hampton, J .  R .  
Hatch,  L .  R .  Henderson, R. A.  Keogh, L .  E .  Kohlenberger ,  P. C ,  
L indah l ,  P,  M, San to loqu ido ,  J a  A a  S c h l e i c h e r ,  N ,  F. Shimp, J ,  D,  
S t e e l e ,  G ,  D ,  S t r i c k e r  and Josephus Thomas, J r ,  I n  a d d i t i o n ,  we wish 
t o  thank t h e  Computing S e r v i c e s  O f f i c e  o f  t h e  U n i v e r s i t y  o f  I l l i n o i s ,  
e s p e c i a l l y  Ed DeWan, f o r  t h e i r  a s s i s t a n c e  i n  t h e  p r e p a r a t i o n  o f  t h i s  
computer gene ra t ed  manuscr ip t .  

TYPE AND SOURCE OF COAL SAMPLES 

Chemical a n a l y s e s  o f  172 whole c o a l  samples  were made f o r  t h i s  
s t udy .  One hundred t h i r t y - f i v e  o f  t h e  samples  were face-channe l  o r  
composi te  face-channe l  samples  c o l l e c t e d ,  i n  n e a r l y  a l l  c a s e s ,  i n  c o a l  
mines by I l l i n o i s  S t a t e  Geo log i ca l  Survey pe r sonne l ,  Each face-channe l  
sample was c u t  by hand wi th  a  p i ck  and r e p r e s e n t e d  t h e  f u l l  h e i g h t  of  
t h e  c o a l ,  exc lud ing  o n l y  mine ra l  bands, p a r t i n g s ,  o r  nodules  more t h a n  
one c e n t i m e t e r  (3 /8  i n . )  t h i c k .  T h i s  p rocedure  fo l l ows  a  l ongs t and ing  
p r a c t i c e  a t  t h e  I l l i n o i s  S t a t e  Geolog ica l  Survey and i s  based on a  
t e chn ique  d e s c r i b e d  by Holmes (1911)  i n  which mine ra l  bands g r e a t e r  
t h a n  t h r e e - e i g h t h s  i n c h  ( 1  cm) i n  t h i c k n e s s  were excluded.  Gene ra l l y ,  
t h r e e  face-channe l  samples  were c o l l e c t e d  i n  each  mine, bu t  i n  some 
mines l e s s  were c o l l e c t e d  because  of  l o c a l  c o n d i t i o n s ,  The f a c e  
channe l  samples  were c rushed  t o  pa s s  a  one-eighth i n c h  (0.32 cm) 
s c r e e n ,  combined i n t o  a  composi te  sample,  and t h e n  r i f f l e d  t o  t h e  
d e s i r e d  q u a n t i t y .  

The c o a l  sample was comminuted f u r t h e r  t o  20 mesh (740 pm) ,  
40 mesh (420 urn), 60 mesh (250 urn),  100 mesh (149 p m ) ,  o r  f i n e r ,  
depending on t h e  a n a l y t i c a l  t e chn ique  t o  be a p p l i e d .  I n  a l l  c a s e s ,  t h e  
sample was subdiv ided  i n t o  a l i q u o t s  by r i f f l e - t y p e  sample s p l i t t e r s  o r  
by q u a r t e r i n g  t h e  sample. The p a r t s  a r e  cons ide r ed  r e p r e s e n t a t i v e  o f  
t h e  o r i g i n a l  c o a l  sample. Those samples  ground between 20 mesh and 100 
mesh were ground wi th  a  P i t c h f o r d  S e l e c t i v e  P a r t i c l e  S i z e  Gr inde r .  The 
g r i n d e r  employed a  r e c i p r o c a t i n g  c y l i n d e r  t h a t  was f i l l e d  wi th  s t e e l  
b a l l s  and was c o n t i n u o u s l y  f l u s h e d  wi th  compressed a i r .  F i n e r  p a r t i c l e  
s i z e s  were ob t a ined  by v a r i o u s  o t h e r  mechanical  and hand methods ( s e e  
appendix) .  

Table  2  i s  an i ndex  o f  a l l  t h e  whole c o a l  samples  r e p o r t e d  upon 
i n  t h i s  s tudy .  Fo r  each  c o a l  t h e  a n a l y s i s  number ( f r C t r  number) ,  s t a t e  
o r  o r i g i n ,  bed name o r  o t h e r  d e s c r i p t i v e  te rm,  rank o f  t h e  c o a l ,  and 
sample t ype  a r e  l i s t e d ,  We r ecogn i ze  t h e  d i f f i c u l t y  i n  ana lyz ing  d a t a  
from c o a l  samples  of d i f f e r e n t  t ypes .  The re fo r e ,  a l l  samples  a r e  
t r e a t e d  i n  a s  s i m i l a r  a  manner a s  p o s s i b l e ,  Fo r  example, d r i l l  c o r e  
samples  (DC) were c a r e f u l l y  de sc r i bed  and mine ra l  bands o r  p a r t i n g s  
ove r  one cen t ime t e r  t h i c k  were exc luded ,  f o l l owing  t h e  same procedure  
a s  f o r  face-channe l  samples  (FC and CFC). Run of  mine samples  (RM), a  
few samples  o f  washed c o a l s  ( W ) ,  and a  few f a c e  channe l  samples  were 
prov ided  by c o a l  companies and by s t a t e  and f e d e r a l  agenc i e s .  We a r e  
g r a t e f u l  f o r  t h e  a s s i s t a n c e  of  t h o s e  companies and a g e n c i e s  and assume 



TABLE 2-IDENTIFICATION 

.......................................................... 

A N A L Y S I S  S T A T E  O R I G I N  RANK S A M P L E  
NUMBEfi ( A S T M )  T Y P E  

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I N D I A N A  
I N D I A N A  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L l N O I S  
I L L l N O I S  
I L L I N O I S  
I L L l k O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L l N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L l N O I S  
I L L I N O I S  
I L L I N O I S  
I N D I A N A  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

H E R R I N  ( N O .  6 )  
H A R R I S B U R G  ( N O .  5  ) 
H E R R I N  ( N O .  6 ) 
H E R R I N  ( N 0 . 6 )  
S E E L Y  V I L L E  ( I 1 1  ) 
S P R I N G F I E L D  ( V )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
REYNOLDSBURG 
H E R R I N  ( N 0 . 6 )  
H A R R I S B U R G  ( N 0 . 5 )  
H E R R I N  ( N 0 . 6 )  
H A R R I S B U R G  ( N O .  5 ) 
H E R R I N  ( N 0 . 6 )  
H A R R I S B U R G  ( N O .  5  ) 
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
C O L C H E S T E R  ( N O .  2 
C O L C H E S T E R  ( N O .  2 
H E R R I N  ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  
H A R R I S B U R G  ( N 0 . 5  
H A R R I S B U R G  ( N 0 . 5  
H A R R I S B U R G  ( N O .  5 
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
h A R R I S B U R G  ( M 0 . 5 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H A R R I S B U R G  ( N O .  5 ) 
H A R R I S B U R G  ( N O .  5  ) 
H E R R I N  ( N 0 . 6 )  
C O L C H E S T E R  ( N O .  2 )  
D A N V I L L E  ( N 0 . 7 )  
SUMMUM ( N 0 . 4 )  
H A R R I S B U R G  ( N 0 . 5 )  
D A N V I L L E  ( V I I )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H A R R I S B U R G  ( N O .  5 ) 
H E R R I N  ( N O .  6  ) 

HVCB 
HVCB 
HVBB 
HVCB 
HVBB 
HVBB 
HVAB 
HVBB 
HVCB 
HVAB 
HVBB 
HVCB 
HVCB 
HVAB 
HVCB 
HVBB 
HVCB 
HVCB 
HVCB 
HVCB 
H V B b  
HVCB 
H V B b  
HVBB 
HVBB 
HVCB 
HVCB 
HVBB 
HVBB 
HVCB 
HVCB 
HVCB 
HVCB 
HVCB 
HVCB 
HVCB 
HVAB 
HVCB 
HVCB 
HVCB 
HVCB 
HVBB 
HVCB 

C F  C  
C F C  
C F  C  
F C  
C F  C  
C F  C  
DC 
DC 
C F C  
C F C  
C F C  
C F C  
C F  C  
C F C  
C F C  
C F C  
C F C  
C F C  
C F C  
C F C  
C F  C  
C F C  
C F C  
C F C  
C F C  
C F  C  
C F  C  
C F C  
C F C  
C F  C  
C F C  
C F C  
C F C  
C F  C  
C F C  
C F C  
C F C  
C F C  
F C  
C F  C  
C F C  
C F C  
C F C  

OF WHOLE COAL SAMPLES ANALYZED 

ANALYSIS S T A T E  O R I G I N  RANK S A M P L E  
NUMBER ( A S T M )  T Y P E  

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I h O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
A R I Z O N A  
MONTAhA 
MONTANA 
I L L I N O I S  
COLORADO 
I L L I h O I S  
O H 1 0  
O h 1 0  
UTAH 
COLORADO 
P E h N S Y L V A N I A  
P E N N S Y L V A N I A  
I L L I N O I S  
O H I O  
O H I O  
O H 1 0  
k .  V I R G I N l A  

SUMMUM ( N O . 4 )  HVCB 
C O L C H E S T E R  ( N 0 . 2 )  HVCB 
ROCK I S L A N D  ( N O .  1 ) HVCB 
H E R R I N  ( N O .  6 ) 
H E R R I N  ( N 0 . 6 )  
H E R H I N  ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  
D A V l S  
DEKOVEN 
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H A R R I S B U R G  ( h 0 . 5 )  
~ E R R ~ N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
C H A P E L  ( N O .  8 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
SUMMUM ( N 0 . 4 )  
H A R R I S B U R G  ( N O .  5 ) 
H E R R I h  ( N O .  6 )  
A B B O T T  F O R M A T I O N  
NEW B U H N S I D E  
H E R R I N  ( N O .  6 )  
H A R R I S B U R G  ( N O .  5  ) 
H E R H I N  ( N 0 . 6 )  
b L A C K  MESA F I E L D  
R O S E B U D  S E A M  
MCKAY SEAM 
D A N V I L L E  ( N 0 . 7 )  
NUCLA S E A M  
REYNOLDSBUHG 
M I D D L E  K I T T A N N I N G  
P I T T S B U R G  8 
WASATCH P L A T E A U  
WADGE 
LOWER K I T T A N N I N G  
P I T T S B U R G  8  
OPDYKE 
M E I G S  C R E E K  
LOWER F R E E P O R T  
P I T T S B U R G  8 
HERNSHAW 

HVCB 
HVBB 
HVBB 
HVCB 
HVAB 
HVAB 
HVBB 
h V A B  
HVCB 
HVCB 
HVCB 
HVCB 
HV AB 
HVBB 
HVCB 
HVCB 
HVBB 
HVCB 
HVBB 
HVBB 
HVBB 
HVBB 
HVCB 
HVCB 
S B  C  
S B  C  
HVCB 
HVCB 
HVBB 
HVCB 
HVCB 
HVCB 
HVCB 
HVBB 
HVBB 
HVCB 
HVCB 
H  VBB 
HVCB 
HVBB 

C F  C  
C F C  
C F  C  
C F  C  
C F C  
C F C  
C F  C  
DC 
DC 
C F C  
C F C  
C F C  
C F  C  
C F  C  
C F C  
C F C  
CF'C 
C F C  
C F C  
C F C  
C F C  
C F C  
C F C  
C  
C F C  
C  
RM 
RM 
RM 
C F C  
RM 
C F C  
RM 
RM 
REI 
RM 
RM 
RM 
C F C  
RM 
RM 
W  
W  



ANALYSIS  STATE O R I G I N  RANK SAMPLE 
NUMBER (ASTM) TYPE 

I L L I N O I S  
I L L I N O I S  
PENNSYLVAhIA 
INDIANA 
KENTUCKY 
M I S S O U R I  
ARIZONA 
I L L I N O I S  
I L L I N O I S  
NBS 1 6 3 1  
I L L I N O I S  
I L L I N O I S  
NBS 1 6 3 0  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
KENTUCKY 
I L L I N O I S  
N. DAKOTA 
N. DAKOTA 
N. DAKOTA 
N. DAKOTA 
N. DAKOTA 
MONTANA 
MONTANA 
MONTANA 
MONTANA 

HERRIN (NO. 6 ) 
HERHIN ( N 0 . 6 )  
P ITTSBURG 8 
S E E L Y V I L L E  ( 1 1 1  ) 
9 
USBM MIXED COAL 
BLACK MESA F I E L D  
DAVIS  
S P R I N G F I E L D  ( N 0 . 5 )  
NAT. BUREAU STAN. 
S P R I N G F I E L D  ( N 0 . 5 )  
S P R I N G F I E L D  ( N 0 . 5 )  
NAT. BUREAU STAN. 
S P R I N G F I E L D  (NO. 5 )  
HERRIN (NO. 6 ) 
DEKOVEN 
HERRIN (NO. 6 )  
DEKOVEN 
DEKOVEN 
DAVIS  
NEW BORNSIDE 
HERRIN (NO. 6 )  
1 1  
9 
9 

1 1  
1 2  
9 

1 1  
1 2  
9 

1 1  
1 2  
DANVILLE (NO. 7 )  
F T .  UNION FORMATION 
F T .  UNION FORMATION 
F T .  UNION FORMATION 
F T .  UNION FORMATION 
F T ,  UNION FORMATION 
F T .  UNION FORMATION 
F T .  UNION FORMATION 
POWDER RIVER BASIN 
POWDER R I V E R  B A S I N  

HVCB 
HVCB 
HVCB 
HVCB 
HVCB 

HVCB 
HVAB 
HV CB 

HVBB 
HVBB 

HVCB 
HVCB 
HVAB 
HVBB 
HVAB 
HVAB 
HVAB 
HVAB 
HVCB 
HVCB 
HVCB 
HVBB 
HVCB 
HVCB 
IiVBB 
HVBB 
HVCB 
HVCB 
HVBB 
HVBB 
HVCB 
L I G N I T E  
L I G N I T E  
L I G N I T E  
L I G N I T E  
L I G N I T E  
L I G N I T E  
S B B  
S B C  
S B B  

CF  C 
FC 
W 
W 
RM 
W 
RM 
CFC 
CF C 
NBS 
CF C 
CF C 
NBS 
CF C 
CFC 
CFC 
CFC 
F C 
FC 
F C 
CFC 
CF C 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
F C 
CF  C 
CFC 
CFC 
CDC 
CFC 
CFC 
F C 
FC 
F C 
CFC 
F C 
F C 
CFC 

ANALYSIS  STATE O R I G I N  RANK SAMPLE 
NUMBER (ASTM) TYPE 

WYOMING 
WYOMING 
WYOMING 
kYOMING 
WYOMING 
LiYOMING 
WYOMING 
WYOMING 
LiYOMING 
i L L l N O I S  
I L L I N O I S  
IOWA 
IOWA 
IOWA 
I L L I N O I S  
KENTUCKY 
KENTUCKY 
INDIANA 
INDIANA 
INDIANA 
INDIANA 
INDIANA 
INDIANA 
MONTANA 
W .  V I R G I N I A  
ALABAMA 
ALAbAMA 
ALABAMA 
TENNESSEE 
TENNESSEE 
TENNESSEE 
TENNESSEE 
KENTUCKY 
N .  V I R G I N I A  
PENhSYLVANIA 
ALABAMA 
ALAbAMA 
W .  V I R G l t u l A  
I L L i N O I S  
ARIZONA 
ARIZONA 
ARIZONA 

POWDER R I V E R  BASIN 
POWDER RIVER BASIN 
GREEN R I V E R  BASIN 
HANNA BASIN 
HANNA BASIN 
HANNA BASIN 
hANNA BASIN 
GREEN RIVER BASIN 
GREEN R I V E R  BASIN 
H E R R I h  (NO. 6 )  
HERRIN (NO. 6 )  
Ci1EROKEE GROUP 
CHEROKEE GROUP 
CHEROKEE GROUP 
CASEYVILLE FM 
9 
9 

HYMERA ( V I )  
DANVILLE ( V I I  ) 
S P R I N G F I E L D  ( V )  
S P R I N G F I E L D  (V  ) 
S P R I N G F I E L D  ( V )  
S P R I N G F I E L D  ( V )  
BULL MOUNTAIN F I E L D  
POCOHONTAS NO. 4 
JOHNSON SEAM 
CLEMENTS SEAM 
CLEMENTS SEAM 
PEEWEE SEAM 
RED ASH COAL 
RED ASH COAL 
FROZEN HEAD COAL 
WINIFREDE COAL 
PITTSBURGH 88 
PITTSBURGH #8 
BLUE CREEK SEAM 
MARY L E E  SEAM 
P lTTSBURGH #8 
HERRIN (NG. 6 )  
BLACK MESA F I E L D  
BLACK MESA F I E L D  
BLACK HESA F I Z L D  

SBC 
S B B  
SBC 
S B B  
HVCB 
S B  A 
SBA 
S B b  
SBC 
HVCB 
HVCB 
HVCB 
HVCB 
HVCB 
H VAB 
HVBB 
HVBB 
HVBB 
hVBB 
HVBB 
HVBB 
HVBB 
HVBB 
SBA 
L VB 
MVB 
MVB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
HVAB 
MVB 
MVB 
HVAB 
HVBB 
HVBB 
HVBB 
HVBB 

F C 
CB 
CFC 
CGB 
E' C 
CFC 
GB 
F C 
GB 
CDC 
C C1 
CFC M 
F C 
GB M 
FC 

t- 
M 

RM 
CFC i5 % 
CFC Gl 
FC ul 
CFC H 
CF C Z 
CF C 
CF C 

C1 

CFC 
CFC b' 
CFC 
F C 
CFC 
FC 
B 
B 
F C 
CFC 
CFC 
CFC 
CFC 
FC 
CE'C 
FC 
F C 
F C 
CFC t- 

C-' 
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t h a t  t h e  samples a r e  r e p r e s e n t a t i v e  of t h e  c o a l  produced a t  t h e  mines 
t h a t  were sampled. 

The c o a l  a n a l y s i s  number, t h e  l e t t e r  "CN fol lowed by f i v e  d i g i t s ,  
i s  t h e  s i n g l e  unique number a s s igned  t o  a  sample t h a t  ha s  had any 
chemica l  a n a l y s i s .  It i s  t h e  b a s i s  on which t h e  samples  a r e  o rde r ed  i n  
t h e  d a t a  t a b l e s ,  t h u s  i t  w i l l  be nece s sa ry  t o  r e f e r  t o  t a b l e  2 f o r  
i d e n t i f i c a t i o n  of  t hose  samples .  

ANALYSES OF WHOLE COAL SAMPLES 

A n a l y t i c a l  Data:  

The r e s u l t s  o f  t h e  chemical  a n a l y s e s  of  t h e  172 c o a l  samples  a r e  
g iven  i n  t a b l e s  3 through 7 .  A l l  a n a l y s e s  i n  t h i s  r e p o r t  a r e  g iven  on 
t h e  "whole coal1I b a s i s  and n o t  a s  a  percen tage  of ash .  Tab l e  3 lists 
t h e  r e s u l t s  o f  t h e  a n a l y s e s  f o r  45 t r a c e  e lements ,  a l l  r e p o r t e d  i n  
p a r t s  pe r  m i l l i o n  (ppm). T a b l e  4 shows t h e  de t e rmina t i ons  o f  t h e  major 
and minor e lements  on t h e  same c o a l s ,  r e p o r t e d  i n  p e r c e n t  ( % ) ,  The 
s t a n d a r d  c o a l  a n a l y s e s  ( % )  , proximate  (%) ,  u l t i m a t e  ( % )  , and h e a t i n g  
v a l u e  ( b t u / l b ) ,  a r e  g i v e n  i n  t a b l e s  5 and 6. I n  a d d i t i o n ,  t a b l e  6 
c o n t a i n s  t h e  low-temperature  a s h  v a l u e s  a s  w e l l  a s  t h e  
h igh- tempera ture  a s h  v a l u e s  f o r  each c o a l ,  r e p o r t e d  i n  pe r cen t  (%).  
Table  7 c o n t a i n s  t h e  r e s u l t s  of  t h e  a n a l y s e s  f o r  v a r i e t i e s  o f  s u l f u r  
and two t o t a l  s u l f u r  d e t e r m i n a t i o n s ,  one by t h e  s t a n d a r d  ASTM method 
and t h e  o t h e r  by X-ray f l u o r e s c e n c e  spec t ro scopy ,  A n a l y t i c a l  methods 
used i n  de t e rmin ing  t h e  r e p o r t e d  v a l u e s  a r e  g iven  i n  t h e  Appendix 
( t a b l e  J ) .  

S t a t i s t i c a l  Analyses  o f  Data: 

A n a l y t i c a l  d a t a  from t h e  whole c o a l  samples were grouped by 
geographic  o r i g i n  o f  t h e  samples  ( f i g .  1 ) .  There were 114 samples from 
t h e  I l l i n o i s  Bas in ,  29 samples from t h e  wes te rn  coal-producing a r e a s ,  
and 2 3  samples  from e a s t e r n  United S t a t e s  (Appalachian c o a l s ) .  T h i s  
t o t a l  of 166 samples  i s  s i x  l e s s  t han  t h e  number r e p o r t e d  i n  t a b l e s  3 
through 7. Two Na t iona l  Bureau o f  S tandards  (NBS) samples  were omi t t ed  
from t h e  c o m p i l a t i o n s ,  a s  were t h r e e  samples from Iowa, and one sample 
from Mis sou r i  (wes t e rn  i n t e r i o r  r e g i o n ) .  These l a s t  f o u r  were omi t t ed  
because t hey  do n o t  by themse lves  c o n s t i t u t e  a  v a l i d  s t a t i s t i c a l  
sampling of  t h e  Western I n t e r i o r  Basin.  Recent p u b l i c a t i o n s  t h a t  
i n c l u d e  many more d a t a  on c o a l s  from t h e  wes te rn  i n t e r i o r  r eg ion  a r e  
by Swanson e t  a l . ,  1976; Hatch,  Avcin, Wedge and Brady, 1976; and 
Wedge e t  a l . ,  1976. 

( ~ e x t  continued on page 4 0 )  



TRACE ELEMENTS IN COAL 

Tables 3, 4, 5 ,  6,  and 7 follow on 
pages 14 through 39. Samples are l i s t e d  
by sample number ( for  example, ~15496). 
Ident if icat ion of samples may be made 
by referr ing t o  tab le  2 on pages 10 and 
11. Table 1 on page 8 l i s t s  abbrevia- 
t ions used i n  the  tables .  



TABLE 3-=--TRACE ELEMENTS I N  WHOLE COAL SAMPLES 
(-parts per million, moisture-free , whole coal basis) 

SAMPLE AG AS B B A BE BR C D C E C 0 CR C S CU 



TABLE 3-Continued 

SAMPLE AG A S  B B A B E  BR CD C E C O  CR C S  CU 

NOTE: Samples l i s t e d  by sample number (c-number). Refer  t o  t a b l e  2 f o r  i d e n t i f i -  

c a t i o n  of samples. 





TABLE 3-Continued 

SAMPLE AG AS B B A BE BR C D C E C 0 CR C S C U 

NOTE: Samples l i s t e d  by 

ca t ion  of samples. 

360 
4 80 
4 60 
460 
220 
430 
3 70 
160 
160 
110 
54 
95 
9 2 
130 
140 
8 1 
130 
6 1 
34 
3 4 
55 
48 
63 
460 
22 0 
180 
220 
400 
130 
420 
130 
180 
170 
72 
8 7 
230 
260 
9 3 
6 1 
270 
220 
270 

sample number (C-number). Refer t o  t a b l e  2 f o r  i den t i f  i- 
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TABLE 3-Continued 

SAMPLE DY EU F G A GE HF HG I IN LA LU MN 

NOTE: Samples listed by sample number (C-number). Refer to table 2 for identifi- 
cation of samples. 



TABLE 3-Continued 

SAMPLE MO NI P PB RB SB SC SE SM SN SR T A 



TABLE 3-Continued 

SAMPLE MO NI P PB RB SB SC SE SM SN SR T A 

36 
220 

38 
5.0 
44 
11 
75 
6 4 

190 
2 4 
52 

4.0 
5 1 
65 
72 
4 0 
18 
37 
52 
50 
16 
2 2 
46 
34 
56 

6.0 
6.0 
7.0 
7 .0  
9.0 
6.0 

59 
11 
4.0 
4.0 
5.0 

18  
8.0 

10 
8.0 

10 
6.0 
7.0 

sample NOTE: Samples listed by (c-number). Refer to table 2 for identifi- 

cation of samples. 





NOTE: Samples l i s t e d  by ; 

ca t i on  of samples. 
sample number (C-number). Refer  t o  t a b l e  2 f o r  i d e n t i f  i- 
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TABLE 3-Continued 

C 15496 
C 15566 
C15678 
C15717 
C15791 
C 15868 
C 15872 
C 15943 
C 15944 
C 15999 
C 16030 
C16139 
C16264 
C 16265 
C16317 
C 16408 
C16501 
C16543 
C16564 
C 16729 
C16741 
C 16787 
C16919 
C 16993 
C17001 
C17016 
C17045 
C17046 
C 17047 
C 17053 
C 17054 
C17089 
C17092 
C 17095 
C 17096 
C17097 
C 17098 
C17099 
C17215 
C17243 
C17244 
C 17245 
C 17246 

NOTE : 

0.10 

0.20 
0.20 
0.10 

0.20 

0.20 

0.10 

0.20 

Samples l i s t e d  by sample number (C-number ). Refer  t o  t a b l e  2 

f o r  i d e n t i f i c a t i o n  of samples. 





TABLE 3-Concluded 

NOTE: Samples listed by sample number (C-number). Refer to table 2 

for identification of samples. 
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TABLE � MAJOR AND MINOR ELEMENTS IN WHOLE COAL SAMPLES 
(percent moisture-free whole coal basis ) 



TRACE ELmENTS IN COAL 
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TABLE & - - c o n t i n u e d  

--------------------------------------------------------------------------------------- 

SAMPLE AL C A CL FE K MG N A S I T I  





TABLE 5-PROXIMATE ANALYSES OF WHOLE COAL SAMPLES 
(pe rcen t  of  whole c o a l  except  f o r  Btu v a l u e s )  

SAMPLE ADL MOIS VOL FIXC ASH BTU SAMPLE ADL M O I S  VOL FIXC ASH BTU 
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NOTE: R e f e r  t o  t a b l e  1 f o r  a b b r e v i a t i o n s  and t o  t a b l e  2 f o r  i d e n t i f i c a t i o n  o f  

s a m p l e s .  



TABLE 7-SULFUR ANALYSES OF WHOLE COAL SAMPLES 
(percent, moisture-free whole coal basis) 

.................................................... 

SAMPLE ORG PYS SUS TOS SXRF 

.................................................... 



SAMPLE ORG P Y S  S U S  T O S  S X R F  

NOTE: Refer  t o  t a b l e  1 f o r  abbrev ia t ions  and t o  t a b l e  2 f o r  i d e n t i f i c a t i o n  of 

samples. 
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A s  a  f i r s t  s t e p  i n  t h e  s t a t i s t i c a l  a n a l y s e s  o f  t h e  d a t a ,  
g e o m e t r i c  means,  a r i t h m e t i c  means, s t a n d a r d  d e v i a t i o n s ,  and r a n g e s  
(minimum a n d  maximum v a l u e s )  were  c a l c u l a t e d  f o r  e a c h  o f  t h e  
a n a l y t i c a l  p a r a m e t e r s ,  The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  
summarized i n  t a b l e s  8 t h r o u g h  10. Because  d e t e r m i n a t i o n s  f o r  a l l  
v a r i a b l e s  were  n o t  r e p o r t e d  f o r  a l l  s a m p l e s  ( s e e  a p p e n d i x ) ,  a  
m i s s i n g - d a t a  s t a t i s t i c a l  a n a l y s i s  computer  program, a d a p t e d  f rom Davis  
(1974)  and IBM ( 1 9 7 0 ) ,  was used i n  t h i s  s t u d y .  T h i s  computer  program 
i d e n t i f i e d  t h e  m i s s i n g  d a t a  and  o m i t t e d  them when c a l c u l a t i n g  t h e  
s t a t i s t i c a l  v a l u e s .  

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  o f  Cd, Ge, I ,  I n ,  Lu, Mo, P ,  Pb,  R b ,  
S n ,  S r ,  and U were r e p o r t e d  i n  some samples  a s  v t l e s s - t h a n v 9  v a l u e s .  A 
l e s s - t h a n  v a l u e  r e p r e s e n t s  t h e  i d e n t i f i c a t i o n  o f  t h e  p r e s e n c e  o f  a n  
e l e m e n t  i n  a p a r t i c u l a r  sample  a t  a  c o n c e n t r a t i o n  below t h e  l i m i t  o f  
q u a n t i t a t i v e  a c c u r a c y  b u t  above  z e r o ,  The e f f e c t  o f  t h e s e  l e s s - t h a n  
v a l u e s  on  t h e  s t a t i s t i c a l  p a r a m e t e r s  shown i n  t a b l e s  8 t h r o u g h  10 was 
d i s c u s s e d  i n  a  p r e v i o u s  p u b l i c a t i o n  (Ruch e t  a l .  , 1974, p.  1 6 ) .  It was 
conc luded  t h a t  t h e  d i f f e r e n c e s  i n  mean v a l u e s  c a l c u l a t e d  i n  t h r e e  
d i f f e r e n t  ways ,  1 )  u s i n g  t h e  l e s s - t h a n  v a l u e  a s  a n  a c c e p t e d  v a l u e ,  2 )  
u s i n g  one-ha l f  t h e  l e s s - t h a n  v a l u e ,  o r  3 )  u s i n g  z e r o ,  had l i t t l e  
e f f e c t  on t h e  s t a t i s t i c s  e x c e p t  i n  t h o s e  c a s e s  where t h e  l e s s - t h a n  
v a l u e s  were  a  ma jo r  p r o p o r t i o n  o f  t h e  t o t a l  sample  p o p u l a t i o n .  The 
s t a t i s t i c s  r e p o r t e d  i n  t a b l e s  8 t h r o u g h  10 a r e  c a l c u l a t e d  by u s i n g  t h e  
r e p o r t e d  l e s s - t h a n  v a l u e  a s  t h e  " t r u e  v a l u e v v  ( (0 .3  e q u a l  t o  0 . 3 ) .  
Summary s t a t i s t i c s  a r e  n o t  shown f o r  t h o s e  c a s e s  where t h e  l e s s - t h a n  
v a l u e s  compose a  s i g n i f i c a n t  p a r t  o f  t h e  t o t a l  p o p u l a t i o n  ( f o r  example 
Sn  i n  a l l  s a m p l e s  and Cd i n  s a m p l e s  from t h e  e a s t e r n  and t h e  w e s t e r n  
Uni ted  S t a t e s ) ,  

H i s t o g r a m s  o f  t h e  d i s t r i b u t i o n  o f  t r a c e ,  minor ,  and major  
e l e m e n t s  and o f  t h e  h i g h - t e m p e r a t u r e  a n d  low- tempera tu re  a s h e s  a r e  
g i v e n  i n  f i g u r e s  3 t h r o u g h  62. The d a t a  f o r  165 o f  t h e  172 c o a l  
samples  a r e  p l o t t e d  on t h e  h i s t o g r a m s  ( o m i t t i n g  a  w e a t h e r e d  c o a l  
sample  C17089, t h e  two NBS s a m p l e s ,  and t h e  f o u r  samples  f rom Iowa 
a n d  M i s s o u r i )  s o  t h a t  t h e  t h r e e  g e o g r a p h i c  g r o u p s  may be  
d i f f e r e n t i a t e d ,  The d a t a  f rom t h e  I l l i n o i s  B a s i n  c o a l s  a r e  p l o t t e d  a s  
v e r t i c a l l y  s t r i p e d  b a r s ,  t h o s e  from t h e  w e s t e r n  U n i t e d  S t a t e s  a s  
h o r i z o n t a l l y  s t r i p e d  b a r s ,  and t h o s e  from t h e  e a s t e r n  U n i t e d  S t a t e s  a s  
u n p a t t e r n e d  b a r s .  The h o r i z o n t a l  a x i s  is d i v i d e d  i n t o  c l a s s  i n t e r v a l s  
and  t h e  v e r t i c a l  a x i s  r e p r e s e n t s  t h e  number o f  samples  i n  e a c h  c l a s s ,  
Those  samples  whose v a l u e s  a r e  beyond t h e  l a s t  r e g u l a r  c l a s s  i n t e r v a l  
a r e  p l o t t e d  f o l l o w i n g  a  b r e a k  i n  t h e  a b s c i s s a  a n d  a r e  i d e n t i f i e d  w i t h  
a p l u s  s i g n  (+) .  

Geomet r i c  means a r e  i n c l u d e d  i n  t a b l e s  8 ,  9 ,  and 10 and a r e  used  
t o  compare d a t a  f rom t h e  t h r e e  r e g i o n s .  The g e o m e t r i c  mean was 
c a l c u l a t e d  by t a k i n g  t h e  l o g a r i t h m  of e a c h  a n a l y t i c a l  v a l u e ,  summing 
t h e  l o g a r i t h m s ,  d i v i d i n g  t h e  sum by t h e  t o t a l  number o f  v a l u e s  and 
o b t a i n i n g  t h e  a n t i l o g a r i t h m  of t h e  r e s u l t .  The a r i t h m e t i c  mean was 
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c a l c u l a t e d  by summing t h e  d a t a  and d i v i d i n g  t h e  sum by t h e  number of 
samples .  For comparison of samples ,  geomet r ic  means a r e  p r e f e r r e d  t o  
a r i t h m e t i c  means because  t h e  ex t remely  h igh  v a l u e s  ( o f t e n  t h e  r e s u l t  
o f  e p i g e n e t i c  m i n e r a l i z a t i o n  w i t h i n  t h e  c o a l )  a r e  l e s s  of  an i n f l u e n c e  
on t h e  geome t r i c  mean va lue  t han  on t h e  a r i t h m e t i c  mean. The re fo r e ,  
t h e  geome t r i c  mean more c l o s e l y  approximates  t h e  va lue  t h a t  would be  
expec ted  i n  an unknown sample (Swanson e t  a l e ,  1976; Miesch, 1967; 
Davis ,  1974; and McCammon, 1975) .  

From t h e  s t a t i s t i c a l  a n a l y s e s  o f  t h e  d a t a  shown on t a b l e s  8, 9 ,  
and 10 a  number of i n t e r e s t i n g  o b s e r v a t i o n s  can  be made. However, 
c a u t i o n  is  nece s sa ry  i n  making i n t e r p r e t a t i o n s  based on t a b l e s  9 and 
10. Only 23 samples  from t h e  e a s t e r n  United S t a t e s  made up t h e  t o t a l  
popu l a t i on  on t a b l e  9 ,  and on ly  29 samples  from t h e  wes te rn  United 
S t a t e s  made up t h e  t o t a l  popu l a t i on  on t a b l e  10. T a b l e s  9  and 10 a r e  
i nc luded  s o  t h a t  t h e y  may be compared w i th  t h e  much l a r g e r  popu l a t i on  
o f  114 samples  from t h e  I l l i n o i s  Basin t h a t  were used t o  p r epa re  
t a b l e  8. S e v e r a l  of t h e s e  o b s e r v a t i o n s  fo l low:  

1. I n  c o a l s  from t h e  I l l i n o i s  Bas in ,  e lements  t h a t  have 
r e l a t i v e l y  l a r g e  r anges  and s t a n d a r d  d e v i a t i o n s  l a r g e r  t h a n  
t h e i r  a r i t h m e t i c  means i n c l u d e  A s ,  Ba, Cd, I ,  Pb,  Sb ,  and 
Zn. The s t a n d a r d  d e v i a t i o n  f o r  Sb is a l s o  l a r g e r  t h a n  t h e  
mean f o r  Sb i n  bo th  t h e  e a s t e r n  and wes te rn  c o a l s  ana lyzed .  
S e v e r a l  of  t h e s e  e lements  have been i d e n t i f i e d  i n  t h e  
s u l f i d e  f r a c t i o n  of  t h e  mine ra l  ma t t e r .  The m i n e r a l  
s p h a l e r i t e  c o n t a i n s  Zn and Cd, ga l ena  c o n t a i n s  Pb,  some 
p y r i t e s  c o n t a i n  A s  and perhaps  Sb,  and Ba h a s  been 
i d e n t i f i e d  w i t h i n  t h e  mine ra l  b a r i t e .  Data o b t a i n e d  from t h e  
d e t e r m i n a t i o n s  o f  t h e s e  e lements  g e n e r a l l y  p r e s e n t  a  skewed 
p a t t e r n  a s  can  be s een  i n  h i s t og rams  o f  t h e i r  d i s t r i b u t i o n s  
( f i g u r e s  4 ,  6 ,  9, 22, 30, 32 and 46) .  

2 ,  I n  c o a l s  from t h e  I l l i n o i s  Bas in ,e lements  t h a t  have 
r e l a t i v e l y  narrow r anges  and s t a n d a r d  d e v i a t i o n s  l e s s  t han  
one-half t h e  a r i t h m e t i c  mean i n c l u d e  B ,  Be, Ga, F ,  S e ,  V ,  
N i ,  A l ,  Fe ,  S i ,  T i ,  M, Mg and many of  t h e  r a r e  e a r t h  
e lements .  Th i s  l i s t  of  e lements  i n c l u d e s  t h o s e  g e n e r a l l y  
t hough t  t o  be ,  a t  l e a s t  i n  p a r t ,  i n  o r g a n i c  combinat ion and 
t h o s e  e lements  t h a t  occur  i n  t h e  s i l i c a t e  m ine ra l s ,  These 
elements  d i s p l a y  a  more o r  l e s s  normal d i s t r i b u t i o n  of 
a n a l y t i c a l  va lue s  ( f i g s .  5 ,  7 ,  18, 17$  3 h 9  437 28 ,  48, 51, 
56 ,  52 and 53) .  

3. I n  g e n e r a l ,  e l emen ta l  c o n c e n t r a t i o n s  t end  t o  be 
h i g h e s t  i n  c o a l s  from t h e  Appalachian Basin ( e a s t e r n  
s amp le s ) ,  lowes t  i n  c o a l s  from t h e  wes t e rn  3 n i t e d  S t a t e s  
(wes t e rn  samples )  and i n t e r m e d i a t e  i n  amount i n  c o a l s  from 
t h e  I l l i n o i s  Bas in ,  T h i s  i s  t r u e  w i th  t h e  fo l l owing  
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e lements :  A s ,  Ce, C O ,  C r ,  C s ,  Cu, Dy, Eu, F ,  Ga, Hg, I ,  I n ,  
La, Lu, Rb, S b ,  S c ,  S e ,  Sm, V ,  Yb, A l ,  C l ,  S ,  and T i .  

4. Western c o a l s  sampled have t h e  h i g h e s t  
c o n c e n t r a t i o n s  (maximum geomet r ic  mean v a l u e s )  f o r  on ly  f i v e  
of t h e  e lements  de te rmined ,  Ba, P ,  S r ,  Ca, and Na. 

5. Coals  from t h e  I l l i n o i s  Bas in  have t h e  h i g h e s t  
c o n c e n t r a t i o n s  (maximum geomet r ic  mean v a l u e s )  of B ,  Be, B r ,  
Cd, Ge, Mn, N i ,  Pb,  Zn, Fe ,  and S. 

C o e f f i c i e n t s  r e s u l t i n g  from t h e  c o r r e l a t i o n  o f  each  parameter  
w i t h  every o t h e r  parameter  i n  c o a l s  from t h e  I l l i n o i s  Basin (114 
samples )  a r e  g iven  i n  Table  11, S e v e r a l  geochemical  a s s o c i a t i o n s  a r e  
appa ren t  i n  t h e s e  c o r r e l a t i o n  c o e f f i c i e n t s  and a l t hough  most o f  them 
were mentioned by Ruch e t  a l e ,  1974, t h e y  a r e  r e p e a t e d  h e r e .  

1. The h i g h e s t  va lue  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  i s  f o r  Zn and Cd ( 0 , 9 4  f o r  c o a l s  o f  t h e  I l l i n o i s  
Bas in ) .  Zinc occu r s  i n  c o a l s  of t h e  I l l i n o i s  Bas in  i n  t h e  
mine ra l  s p h a l e r i t e  (ZnS) (G lusko t e r  e t  a l . ,  1973; and Hatch, 
Gluskote r ,and  L indah l ,  1976) . Cadmium i s  found i n  s o l i d  
s o l u t i o n  i n  t h e  s p h a l e r i t e  i n  c o n c e n t r a t i o n s  a s  h igh  a s  65 
ppm (G lusko t e r  and L indah l ,  1973; and Hatch, G lusko t e r ,  and 
L indah l ,  1976).  The s p h a l e r i t e  i n  c o a l  i s  e p i g e n e t i c a l l y  
depos i t ed  a long  c l e a t s  and i n  c l a s t i c  c l a y  d i k e s  (Cobb and 
R u s s e l l ,  i 976 ) ,  Barium, which occu r s  a s  t h e  mine ra l  b a r i t e  
(BaS04) ,  i s  a l s o  c l o s e l y  c o r r e l a t e d  wi th  z i n c  and cadmium. 
The occur rence  of b a r i t e  i n  amounts l a r g e  enough t o  be 
i d e n t i f i e d  wi th  t h e  s p h a l e r i t e  i n  t h e  c o a l s  has  on ly  been 
observed i n  a  few i n s t a n c e s .  However, t h e r e  does seem t o  be  
a  geog raph i ca l  and s t a t i s t i c a l  c o r r e l a t i o n  between Ba and 
t h e  c a t i o n s  i n  s p h a l e r i t e ,  which s u g g e s t s  a  common c o n t r o l  
of t h e i r  d e p o s i t i o n ,  The c o r r e l a t i o n  c o e f f i c i e n t  o f  Ba:Zn i s  
0.72 and Ba:Cd i s  0.87, 

2. The e lements  o f  t h e  fo l l owing  group have p o s i t i v e  
c o r r e l a t i o n s  wi th  each  o t h e r :  A s ,  Co, N i ,  Pb, and Sb, These 
e lements  a r e  commonly found i n  n a t u r e  a s  s u l f i d e s  and a r e  
i nc luded  among t h e  c h a l c o p h i l e  e lements  (e lements  which have 
a  s t r o n g  a f f i n i t y  f o r  s u l f u r ) .  Germanium i s  p o s i t i v e l y  
c o r r e l a t e d  w i t h  many c h a l c o p h i l e  e lements  i n  t h e  I l l i n o i s  
Basin c o a l s ,  

3 The e lements  c l a s s i f i e d  a s  l i t h o p h i l e ,  which 
g e n e r a l l y  occur  i n  t h e  e a r t h f s  c r u s t  a s  a l u m i n o - s i l i c a t e  
m i n e r a l s ,  have mutua l ly  p o s i t i v e  c o r r e l a t i o n s  i n  c o a l s .  
These e lements  a r e  S i ,  T i ,  A l ,  and K ,  A p o s i t i v e  c o r r e l a t i o n  
of Mg with  t h e  l i t h o p h i l e  e lements  a l s o  e x i s t s ,  bu t  t h e s e  
c o r r e l a t i o n s  a r e  n o t  a s  s t r o n g  a s  t h o s e  between t h e  above 
f o u r  e lements ,  
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4. There is  a  p o s i t i v e  c o r r e l a t i o n  o f  0 .65 between Mn 
and Ca; I n  c o a l s  o f  t h e  I l l i n o i s  Bas in ,  Mn does n o t  
c o r r e l a t e  a s  w e l l  w i th  any o t h e r  e lement .  Manganese commonly 
s u b s t i t u t e s  f o r  Ca i n  c a l c i t e  (CaC03) and i s  presumed t o  be 
i n  t h a t  combinat ion i n  c o a l s ,  

5 ,  Sodium and C 1  have a  p o s i t i v e  c o r r e l a t i o n  of 0.48 i n  
t h e  I l l i n o i s  Basin samples .  A s i m i l a r  c o r r e l a t i o n  between 
c h l o r i n e  and t o t a l  a l k a l i e s  was r e p o r t e d  by G lusko t e r  and 
Rees (1964)  and ,  i n  p a r t ,  t h e  c o r r e l a t i o n  can be a t t r i b u t e d  
t o  t h e  d e p o s i t i o n  of  Na and C 1  i n  c o a l s  by s a l i n e  ground 
water  (G lusko t e r ,  1965a; and Gluskote r  and Ruch, 1971) .  

6. Many of t h e  r a r e  e a r t h  e l e n e n t s  have h igh  p o s i t i v e  
c o r r e l a t i o n s  wi th  o t h e r  r a r e  e a r t h  e lements .  Th i s  may be 
r e a l ,  a  r e s u l t  o f  t h e  chemical  s i m i l a r i t y  of  t h e s e  e l emen t s ,  
o r  t h e  c o r r e l a t i o n  may, i n  p a r t ,  be an  a r t i f a c t  o f  t h e  
ana ly se s .  

( ~ e x t  continued on page 71) 
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TABLE   MEAN ANALYTICAL VALUES FOR 114 WHOLE COAL SAMPLES 
FROM THE ILLINOIS BASIN COAL FIELD 

Zlement A r i t h m e t i c  Geomet r i c  Minimum Maximum S t a n d a r d  &umber Number 
Mean Mean D e v i a t i o n  Samples L e s s  Than 

Values  

A G 
AS 
b 
8 A 
B c 
BR 
CD 
CE 
C 0 
CR 
CS 
cu 
U Y  
EL, 
r 
G A 
G E 
tlF 
HG 
I 
I ly 
LA 
Lli 
M N  
PI0 
N I 
P 
P B 
Rb 
SB 
SC 
SE 
Sk1 
Shl 
SH 
T A 
TB 

0 . 0 3  ppm 
14 ppm 

110 ppm 
100 pprn 

1.7 ppm 
13  ppm 
2 . 2  ppm 

14 ppm 
7.3 ppm 

18 ppm 
1 .4  ppm 

14 ppm 
1 . 1  ppm 
0 . 2 6  ppm 

67 ppm 
3.2 ppm 
6 . 9  ppm 
0.54 ppm 
0 . 2  ppm 
1 . 7  ppm 
0 .16  ppm 
6 . 8  ppm 
0 .09  ppm 

53 PPm 
8.1 ppm 

21 ppm 
64 ppm 
32 ppm 
19 ppm 

1 . 3  ppm 
2 .7  ppm 
2 . 2  ppm 
1 . 2  ppm 
3 .8  ppm 

35 PPm 
0 . 1 5  ppm 
0 .22  ppm 

0 . 0 3  ppm 
7.4 ppm 

9 ppm 
75 ppm 

1 . 6  ppm 
10 ppm 
0 .59  ppm 

12 ppm 
6 . 0  ppm 

16  PPm 
1 . 2  ppm 

1 3  ppm 
1 .0  ppm 
0 . 2 5  ppm 

63  PPm 
3.0 P P ~  
4 . 8  ppm 
0 . 4 9  ppm 
0 . 1 6  pprn 
1 . 2  ppm 
0 .13  ppm 
6 . 4  ppm 
0 . 0 8  ppm 

40 ppm 
6 . 2  pprn 

19 ppm 
45 PPm 
15  ppm 
1'7 ppm 
0.81 ppm 
2 . 5  ppm 
2 . 0  ppm 
1 .1  ppm 
0 .94  ppm 

30 PPm 
0 .14  ppm 
0 .18  ppm 
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TABLE 8-C ont h u e d  

Elemen t  A r i t h m e t i c  G e o m e t r i c  Minimum Maximum S t a n d a r d  biumber Number 
Mean Mean D e v i a t i o n  Samples  L e s s  Than 

V a l u e s  

TH 
TL 
u 
v 
W 
Y b 
Z N 
Z fi 
AL 
C A 
CL 
FE 
K 
MG 
N A 
S I  
T I  
AD L 
kOIS 
VOL 
FlXC 
ASh 
BTD /LB 
C 
h 
N 
(3 

lir A 
L TA 
o f i s  
PYS 
su S 
TOS 
SXHF 

2.1 ppm 1.9 ppm 0.71 
0.66 ppm 0.59 ppm 0.12 
1.5 ppm 1.3 P P ~  0.31 
32 ppm 29 P P ~  1 1  
0.82 ppm 0.63 ppm 0.04 
0.56 ppm 0.53 ppm 0.27 

250 ppm 87 ppm 10 
47 ppm 41 ppm 12 
1.2 $ 1.2 % 0.43 
O.b7 % 0.51 % 0.01 
0.14 gb 0.08 % 0.01 
2.0 % 1.9 % 0.45 
0.17 4 0.16 % 0.04 
0.05 % 0.05 Z 0.01 
0.05 Z 0.03 % 
2.4 % 2.3 k 0.58 
0.06 $ 0.06 % 0.02 
7.3 5 6.4 5 1.4 
9.4 $ 8.1 % 0.5 
40 % 40 $ 27 
49 $ 49 % 4 1 
1 1  $ 1 1  % 4.6 

12712 12702 1 1  562 
70 1 70 16 b 2 
5.0 % 5.0 4 4.2 
1.3 % 1.3 16 0.93 
8.2 $ 8.0 % 4.2 

11  % 1 1  % 3.3 
15 % 15 % 3.8 
1.6 % 1.4 $ 0.37 
2.0 % 1.8 % 0.29 
0.1 % 0.05 % 0.01 
3.6 % 3.4 9 0.56 
3.4 % 3.2 % 0.79 
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TABLE 9-MEAN ANALYTICAL VALUES FOR 23 WHOLE COAL SAMPLES 
FROM THE EASTERN UNITED STATES 

( ~ p ~ a l a c h i a n  c o a l  fields) 

Olement A r i t h m e t i c  Geomet r i c  Minimim Maximum S t a n d a r d  Number humber 
Mean Mean D e v i a t i o n  Samples Less  Than 

Values 

0.02 ppm 
25  ppm 
42 ppm 

200 ppm 
1 . 3  ppm 

12 ppm 
0 .24  ppm 

25 ppm 
9 . 8  ppm 

20 PPm 
2.0 ppm 

18  ppm 
2.3 ppm 
0 .52  ppm 

89 ppm 
5 . 7  ppm 
1 . 6  ppm 
1.2 ppm 
0.20 ppm 
1 .7  ppm 
0 . 2 3  ppm 

15 ppm 
0 . 2 2  ppm 

18 ppm 
4 .6  ppm 

15 ppm 
150 ppm 

5 .9  ppm 
22 ppm 

1 . 6  ppm 
5 .1  ppm 
4.0 ppm 
2.6 ppm 
2 . 0  ppm 

130 ppm 
0 . 3 3  ppm 
0 .34  ppm 

0.02 ppm 
1 5  PPm 
28 ppm 

170 ppm 
1.1 ppm 
8 - 9  ppm 
0.19 ppm 

2 3  PPm 
7.6 ppm 

16 ppm 
1 .6  ppm 

16 PPm 
2 . 0  ppm 
0 . 4 7  ppm 

84 PPm 
5 . 2  ppm 
0 .87  ppm 
1 .1  ppm 
0 .17  ppm 
1.4 ppm 
0.22 ppm 

14 PPm 
0 .18  ppm 

12 PPm 
1 . 8  ppm 

14 PPm 
81 PPm 

4.7 ppm 
19 PPm 

1 .1  ppm 
4 .5  ppm 
3 .4  ppm 
2 . 4  ppm 
0 .97  ppm 

100 ppm 
0 . 2 6  ppm 
0 . 2 8  ppm 
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TABLE 9-Continued 

h l e m e n t  A r i t h m e t i c  G e o m e t r i c  Ninimiin Maximum S t a n d a r d  Number humber 
Mean Mean D e v i a t i o n  Samples  L e s s  Than 

V a l u e s  

Th 
TL 
U 
v 
W 
YB 
Z N 
ZR 
A  L 
C A 
CL 
FE 
K 
MG 
N A  
S I  
T I  
ADL 
kOlS 
VGL 
FIXC 
ASH 
B? U /LB 
C 
H 
N 
0 
HT A  
L TA 
ORS 
P YS 
Slr S 
TOS 
SXRF 

4 .0  ppm 

1 .3  ppm 
35 PPm 

0 . 6 2  ppm 
0 . 7 3  ppm 

19 PPm 
41 PPm 

1 . 6  % 
0 .34  % 
0.10 % 
1 .3  % 
0.21 % 
0.05 Y 
0.03 % 
2 . 6  % 
0 .09  % 
0.99 % 
2 . 4  $ 

32 % 
54 P 
1 2  % 

13093 
72 % 

4.9 % 
1 . 3  % 
7.0 Z 

12 % 
15  % 
0.82 $ 
0.81 % 
0 .06  % 
1 . 9  % 
1 . 8  $ 
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TABLE 10-MEAN ANALYTICAL VALUES FOR 28 WHOLE COAL SAMPLES 
FROM THE WESTERN UNITED STATES 

Element A r i t h m e t i c  Geomet r i c  Minimum Maximum S t a n d a r d  Number Number 
Mean Mean D e v i a t i o n  Samples L e s s  Than 

Values  

0 .03  ppm 
2 . 3  ppm 

56  PPm 
500 ppm 

0 .46  ppm 
4.7 ppm 
0 .18  ppm 

11 ppm 
1.6 ppm 
9 .0  ppm 
0.42 ppm 

10 PPm 
0 . 6 3  ppm 
0 .20  ppm 

62 ppm 
2 . 5  ppm 
0.91 ppm 
0 . 7 8  ppm 
0 . 0 9  ppm 
0.52 ppm 
0.10 ppm 
5.2 ppm 
0 .07  ppm 

49 PPm 
2 .1  ppm 
5 . 0  pprn 

130 ppm 
3.4 ppm 
4.6 ppm 
0 .58  ppm 
1 . 8  ppm 
1.4 ppm 
0.61 ppm 
1 . 9  ppm 

260 pprn 
0.15 ppm 
0.21 pprn 

0 . 0 2  pprn 
1 .5  ppm 

48  ppm 
430 ppm 

0 . 3 5  ppm 
2 . 1  pprn 
0.15 ppm 
9 .1  ppm 
1 . 5  ppm 
8.1 ppm 
0 .16  ppm 
8 . 5  ppm 
0 .57  ppm 
0 . 1 6  ppm 

57 PPm 
2 . 1  pprn 
0 .50  ppm 
0 .70  ppm 
0 - 0 7  ppm 
0.46 ppm 
0 .07 ppm 
4 . 5  ppm 
0 . 0 5  ppm 

2 8  PPm 
0 .59  ppm 
4.4 ppm 

82 P P ~  
2 . 6  ppm 
2 .4  ppm 
0 . 4 5  ppm 
1 . 5  ppm 
1 .3  ppm 
0.56 ppm 
0 .43  ppm 

220 ppm 
0 . 1 2  ppm 
0 .17  ppm 
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TABLE 10-Continued 

e l e m e n t  A r i t h m e t i c  G e o m e t r i c  Minimum Maximum S t a n d a r d  Number Number 
Mean Mean D e v i a t i o n  Samples  L e s s  Than 

V a l u e s  

TH 
TL 
u 
v 
W 
YB 
Z N  
Z R 
AL 
C A 
CL 
E'E 
K 
nc 
NA 
S I 
T I  
ADL 
MO IS 
VOL 
FlXC 
ASH 
BTU/LB 
C 
ti 
N 
0 
HTA 
LTA 
ORS 
PYS 
SUS 
TOS 
SXRF 

1.2 ppm 

14 ppm 
0.75 ppm 
0.38 ppm 
7.0 ppm 

33 PPm 
1.0 % 
7.7 % 
0.03 % 
0.53 P 
0.05 % 
0 .14  % 
0.14 % 
1.7 % 
0.05 % 

14 % 
18 $ 
44 % 
46 Z 

9.6 % 
11409 

67 $ 
4.7 % 
1.0 % 

17 % 
9.6 % 

12 % 
0.53 % 
0.19 5 
0.04 % 
0.76 % 
0.73 % 

1.8 ppm 

0.99 ppm 
12 PPm 
0.58 ppm 
0.34 ppm 
5.0 ppm 

26  PPm 
0.88 % 
1.5 ;6 
0 .02 % 
0.49 Z 
0.03 % 
0.12 % 
0.06 $ 
1.3 % 
0.05 % 

12  $ 
16 % 
44 $ 
46 % 

8.9 % 
11 377 

67 % 
4.6 % 
0.98 % 

17 % 
8.9 1 

11 % 
0.50 % 
0.10 % 
0.03 % 
0 . 7 0  % 
0.70 % 
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TABLE 11- 
LINEN? REGRESSION (LUST SQUARE) CORRELATION COEFFICIENTS OF ANALYTICAL 

DETERMINATION ON 114 COAL SAMPLES FROM THE ILLINOIS BASIN COAL FIELD 



TRACE ELEMENTS IN COAL 

TABLE 1 1 C o n t i n u e d  

ZN 
Z R  
AL 
C A 
CL 
FE 
K 
MG 
N A 
S I  
T I  
ADL 
MOIS 
VOL 
FIXC 
ASH 
BTLi 
C 
H 
N 
0 
HTA 
LTA 
ORS 
PYS 
SU S 
TOS 
SXRF 
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TABLE 1 1 - C o n t i n u e d  
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TABLE 11-Continued 

ZN 
Z R  
AL 
C A 
C L  
FE 
K 
MG 
N A 
S 1  
TI 
AD L 
MOIS 
VOL 
F I X C  
ASH 
BTU 
C 
H 
N 
0 
HTA 
L TA 
O R S  
P YS 
su s 
TOS 
SXRF 
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TABLE 11-Continued 
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TABLE 11-Continued 

ZN 
Z R  
AL 
C A 
CL 
FE 
K 
MG 
N A 
SI 
T I  
AD L 
MOIS  
vo L 
F I X C  
ASH 
BTU 
C 
H 
N 
0 
HT A 
L TA 
ORS 
PYS 
sus 
TOS 
SXRF 
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TABLE 11-Cont inued  

AL CA CL F E  K MG NA S I  T I  ADL MOIS VOL F I X C  ASH BTU 
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TABLE 11-Continued 

AL CA CL FE K PIG NA SI TI ADL MOIS VOL FIXC ASB BTU 

ZN 
2R 
AL 
C A 
C L 
F E 
K 
MG 
N A 
S I 
TI 
AD L 
MOIS 
vo L 
FIXC 
ASH 
BTU 
C 
H 
N 
0 
HT A 
L TA 
0% 
PYS 
SU S 
TOS 
SXHF 
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TABLE 11-Continued 

C H N 0 HTA LTA ORS PYS SUS TOS SXRF 
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TABLE 11-Concluded 

Z N 
ZR 
AL 
C A 
CL 
r'E 
I< 
MG 
N A 
S I 
TI 
ADL 
MOZS 
'd OL 
FIXC 
ASH 
BTU 
C 
H 
N 
0 
HTA 
L TA 
OR S 
P YS 
SLJ S 
T OS 
SXRF 
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Figures 3-62 

I n  f i g u r e s  3 through 62, t h e  da ta  from 
t h e  eas te rn  United S t a t e s  a r e  p l o t t e d  a s  un- 
pa t t e rned  b a r s ,  those  from t h e  I l l i n o i s  Basin 
a s  v e r t i c a l l y  s t r i p e d  b a r s ,  and those  from 
t h e  western United S t a t e s  a s  hor izon ta l ly  
s t r i p e d  b a r s ,  
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AG IPPMI 

Fig. 3 - Distribution of silver in 
coals analyzed. 

0 50 100 150 200 250 
B IPPMI 

Fig. 5 - Distribution of boron in 
coals analyzed. 

Fig, 7 - Distribution of beryllium 
in coals analyzed, 

0.0 2 21.0 36.0 48.0 60.b + 

AS IPPMl 

Fig, 4 - Distribution of arsenic 
in coals analyzed. 

100 200 300 100 50; + 

BA IPPMl 

Fig. 6 - Distribution of barium in 
coals analyzed. 

0.0 6.0 12.0 18.0 21.0 30.b + 

BR (PPMI 

Fig. 8 - Distribution of bromine 
in coals analyzed. 
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CD (PPMI 

Fig ,  9 - D i s t r i b u t i o n  of  cadmiurn 
i n  c o a l s  a.nalyzed, 

F ig ,  11 - D i s t r i b u t i o n  of  c o b a l t  
i n  c o a l s  analyzed,  

til 
W 
1 
Q 
x 
5 U-J 

L L  D 

UI u 
m 
E 3 

CS [PPMI 

Fig ,  13 - D i s t r i b u t i o n  of  cesium 
i n  c o a l s  ana lyzed ,  

CE (PPHI 

F i g ,  1 0  - D i s t r i b u t i o n  of cerium 
i n  c o a l s  analyzed,  

CR (PPMI 

Fig .  1 2  - D i s t r i b u t i o n  of  chromium 
i n  c o a l s  analyzed,  

CU [PPMI 

Fig ,  1 4  - D i s t r i b u t i o n  of copper 
i n  coa l s  ana lyzed ,  
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Fig, 15 - Distribution of dyspro- 
sium in coals analyzed, 

Fig, 17 - Distribution of fluorine 
in coals analyzed, 

0.0 6.0 
GE [PPHI 

Fig, 19 - Distribu-Lion of germani- 
um in eoals analyzed, 

Fig, 16 - Distribution of europium 
in eoals analyzed. 

Fig, 18 - Distribution of gallium 
in coals analyzed, 

Fig, 20 - Distribution of hafnium 
in coals analyzed, 
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HG IPPMI 

Fig. 21 - Distribution of mercury 
in coals analyzed, 

I N  IPPMI 

Fig, 23 - Distribution of indium 
in coals analyzed. 

Fig. 25 - Distribution of lutetium 
in coals analyzed. 

Fig. 22 - Distribution of iodine 
in coals analyzed. 

LA IPPMI 

Fig. 24 - Distribution of lanthanum 
in coals analyzed. 

Fig. 26 - Distribution of manganese 
in coals analyzed. 



TRACE ELEMENTS IN COAL 65 

MU LPPMI 

Fig. 27 - Distribution of molyb- 
denum in coals analyzed. 

P (PPMI 

Fig, 29 - Distribution of phospho- 
rus in coals analyzed. 

0.0 12.8 25.6 38.4 51.2 64.0 
RB (PPMI 

Fig. 31 - Distribution of rubidium 
in coals analyzed. 

- 

0.0 8.0 16.0 2U.0 32.0 40.0 + 

N I  (PPMI 

Fig, 28 - Distribution of nickel 
in coals analyzed. 

PI3 IPPMI 

Fig. 30 - Distribution of lead in 
coals analyzed. 

1.2 2. '4 3.6 4.8 6.'d + 
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Fig, 32 - Distribution of antimony 
in coals analyzed, 
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Fig, 33 - Distribution of scandium 
in coals analyzed, 
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Fig, 35 - Distribution of samarium 
in coals analyzed, 

SR iPPM1 

Fig, 37 - Distribution of strontium 
in coals analyzed, 
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Fig, 34 - Distribution of selenium 
in coals analyzed, 
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Fig, 36 - Distribution of tin in 
coals analyzed, 

TR iPPM1 

Fig, 38 - Distribution of tantalum 
in coals analyzed, 
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Fig, 39 - Distribution of terbium 
in coals analyzed, 

Fig, 41 - Distribution of thallium 
in coals analyzed, 

Fig, 43 - Distribution of vanadium 
in coals analyzed. 

Fig. 40 - Distribution of thorium 
in coals analyzed. 

Fig, 42 - Distribution of uranium 
in coals analyzed, 

Fig, 44 - Distribution of tungsten 
in coals analyzed, 
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Fig. 45 - Distribution of ytterbium 
in coals analyzed. 

Fig. 47 - Distribution of zirconium 
in coals analyzed. 

Fig. 46 - Distribution of zinc in 
coals analyzed, 

Fig. 48 - Distribution of aluminum 
in coals analyzed. 

Fig, 49 - Distribution of calcium 
in coals analyzed, 

Fig. 5 0  - Distribution of chlorine 
in coals analyzed. 
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Fig. 51 - Distribution of iron in 
coals analyzed. 

Fig. 53 - Distribution of magnesium 
in coals analyzed, 
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Fig. 55 - Distribution of silicon 
in coals analyzed. 
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Fig. 52 - Distribution of potassium 
in coals analyzed. 
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Fig. 54 - Distribution of sodium 
in coals analyzed. 
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Fig. 56 - Distribution of titanium 
in coals analyzed. 
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F ig ,  57 - D i s t r i b u t i o n  of organic  
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Fig. 58 - D i s t r i b u t i o n  of p y r i t i c  
s u l f u r  i n  coa l s  analyzed,  s u l f u r  i n  coa l s  analyzed,  
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Fig ,  59 - D i s t r i b u t i o n  of s u l f a t e  
s u l f u r  i n  coa l s  analyzed,  
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F ig ,  60 - D i s t r i b u t i o n  of t o t a l  
s u l f u r  i n  coa l s  analyzed,  
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HTR 1x1 

Fig.  6 1  - D i s t r i b u t i o n  of high- 
tempera ture  ash i n  coa l s  
analyzed. 

0.0 7.0 1U.O 21.0 28.0 35.0 
LTR 1%) 

F i g .  62 - D i s t r i b u t i o n  of low- 
temperature ash  i n  coa l s  
analyzed,  
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ENRICHMENT OF ELEMENTS IN COAL 

The a v e r a g e  c o n c e n t r a t i o n  o f  an e lement  i n  t h e  e a r t h ' s  c r u s t  i s  
termed t h e  v f c l a r k e , w  C l a r k e  and Washington,  1924,  were among t h e  f i r s t  
o f  t h e  g e o c h e m i s t s  t o  a t t e m p t  t o  make c a l c u l a t i o n s  o f  t h i s  t y p e .  
Al though t h e r e  a r e  a  number o f  d i f f i c u l t i e s  i n  a c c u r a t e l y  e s t i m a t i n g  
t h e  c l a r k e  of  an e l e m e n t ,  it i s  wor thwhi le  t o  compare t h e  
c o n c e n t r a t i o n s  of  e l e m e n t s  i n  c o a l  w i t h  t h e  c l a r k e ,  T h i s  compar i son  
g i v e s  an i n d i c a t i o n  o f  t h e  e f f i c a c y  of  t h e  sum t o t a l  o f  t h e  
coa l - fo rming  p r o c e s s e s  i n  s f f i x i n g Q f  v a r i o u s  e l e m e n t s  i n  c o a l s ,  The 
c l a r k e  v a l u e s  used i n  t h i s  r e p o r t  a r e  t a k e n  f rom t h o s e  p u b l i s h e d  by 
T a y l o r ,  1964 ,  and by T u r e k i a n  and Wedepohl, 1964, 

Enrichment v a l u e s  were  c a l c u l a t e d  by comparing t h e  g e o m e t r i c  
means f o r  t h e  v a r i o u s  e l e m e n t s ' w i t h  t h e  c l a r k e s  f o r  t h o s e  e l e m e n t s ,  
Enr ichment  v a l u e s  were  d e t e r m i n e d  f o r  c o a l s  o f  t h e  t h r e e  ma jo r  
c o a l - p r o d u c i n g  a r e a s  d e f i n e d  p r e v i o u s l y *  Ruch e t  a l e ,  ( 1974) l i s t e d  
only t h o s e  e l e m e n t s  t h a t  were  e n r i c h e d  or  d e p l e t e d  by a t  l e a s t  a n  
o r d e r  of magn i tude  r e l a t i v e  t o  t h e  a r i t h m e t i c  mean o f  t h e  
c o n c e n t r a t i o n  o f  an e lement  i n  c o a l s  t h e y  a n a l y z e d ,  Only a  v e r y  few 
e l e m e n t s  a r e  found  t o  b e  c o n c e n t r a t e d  i n  c o a l s ;  t h u s  t h e  u s e  o f  
g e o m e t r i c  means r e d u c e s  t h e  i n f l u e n c e  of' a few v e r y  h i g h  v a l u e s  on t h e  
d a t a ,  T a b l e  12 l i s t s  a l l  t h o s e  e l e m e n t s  i n  c o a l s  t h a t  a r e  found t o  b e  
e n r i c h e d  by a  f a c t o r  of  s i x  o r  mare ,  A f a c t o r .  of six was chosen  a s  a  
m a t t e r  of  c o n v e n i e n c e  and no s p e c i a l  s i g n i f i c a n c e  s h o u l d  b e  a t t r i b u t e d  
t o  i t ,  

Only f o u r  e l e m e n t s  a r e  l i s t e d  on t a b l e  12,  no more t h a n  t h r e e  f o r  
any one  of t h e  t h r e e  ma jo r  a r e a s  sampled ,  A p p a r e n t l y ,  on t h e  a v e r a g e ,  
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  c o a l s  r e l a t i v e  t o  
t h e  c l a r k e  v a l u e s .  Boron,  c h l o r i n e ,  and s e l e n i u m  a r e  e n r i c h e d  i n  c o a l s  
f rom t h e  I l l i n o i s  B a s i n ;  a r s e n i c ,  c h l o r i n e ,  and s e l e n i u m ,  i n  c o a l s  o f  
e a s t e r n  U n i t e d  S t a t e s ;  and s e l e n i u m ,  i n  c o a l s  o f  w e s t e r n  U n i t e d  
S t a t e s ,  I n d i v i d u a l  s a m p l e s  may be  e n r i c h e d  i n  e l e m e n t s  o t h e r  t h a n  t h e  
f o u r  l i s t e d  above ,  Such e n r i c h m e n t s  p r o b a b l y  i n d i c a t e  l o c a l  
m i n e r a l i z a t i o n  and a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  c o a l s  i n  g e n e r a l ,  

Boron i s  c o n c e n t r a t e d  i n  t h e  c o a l s  of  t h e  I l l i n o i s  B a s i n ,  b u t  n o t  
i n  t h e  c o a l s  o f  e a s t e r n  and  w e s t e r n  U n i t e d  S t a t e s ,  A number o f  w o r k e r s  
have used  t h e  B  c o n c e n t r a t i o n  i n  s e d i m e n t s  and s e d i m e n t a r y  r o c k s  a s  a n  
i n d i c a t o r  of p a l e o s a l i n i t y  o f  t h e  env i ronment  i n  which t h e  s e d i m e n t  
was o r i g i n a l l y  d e p o s i t e d  (Couch, 1 9 7 1 ) ,  G r e a t l y  o v e r s i m p l i f i e d ,  when 
t h e  t e c h n i q u e  i s  u s e d ,  i t  i s  assumed t h a t  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  B  i n  s e d i m e n t s  and s e d i m e n t a r y  r o c k s  a r e  d i r e c t l y  dependen t  on t h e  
s a l i n i t y  of t h e  w a t e r  i n  which t h e  s e d i m e n t s  were  d e p o s i t e d ;  
t h e r e f o r e ,  mar ine  s e d i m e n t s  c o n t a i n  more B t h a n  nonmarine s e d i m e n t s ,  
However, t h e  i n t e r p r e t a t i o n  o f  B p a l e o s a l i n i t y  from even  a  c a r e f u l l y  
c o n t r o l l e d  s e t  of samples  is d i f f i c u l t ,  The s e t  o f  samples  r e p o r t e d  
upon h e r e  was n o t  s p e c i f i c a l l y  c o l l e c t e d  and  was n o t  s p e c i a l l y  t r e a t e d  
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f o r  boron a n a l y s e s .  The most obvious  i n t e r p r e t a t i o n  t o  be made from 
t h e  obse rva t i on  t h a t  B is  concen t r a t ed  i n  t h e  c o a l s  of t h e  I l l i n o i s  
Bas in  and no t  i n  t h e  c o a l s  from e a s t e r n  and wes te rn  United S t a t e s  is  
t h a t  t h e  I l l i n o i s  Bas in  c o a l s  were d e p o s i t e d  i n  w a t e r s  t h a t  had a  
h i g h e r  s a l i n i t y  (more b r ack i sh  o r  more mar ine)  t h a n  d i d  t h e  w a t e r s  i n  
which t h e  o t h e r  c o a l s  were depos i t ed .  I n  g e n e r a l ,  t h i s  i n t e r p r e t a t i o n  
a g r e e s  w i t h  o t h e r  i n t e r p r e t a t i o n s  based on o t h e r  c r i t e r i a  o f  t h e  
environments  o f  d e p o s i t i o n  of  t h e  v a r i o u s  c o a l s .  The c o a l s  of  t h e  
I l l i n o i s  Basin a r e  g e n e r a l l y  more c l o s e l y  a s s o c i a t e d  w i th  marine 
s t r a t a  t han  a r e  t h e  c o a l s  i n  t h e  Appalachians ( e a s t e r n )  o r  i n  t h e  
Rocky Mountain (wes t e rn )  a r e a s  (Wanless e t  a l , ,  1969; and Weimer, 
1970) .  

Chlor ine  i s  c o n c e n t r a t e d  i n  c o a l s  from t h e  I l l i n o i s  Basin and 
from e a s t e r n  United S t a t e s ,  bu t  no t  i n  c o a l s  from wes te rn  United 
S t a t e s .  D i s t r i b u t i o n  of  c h l o r i n e  i n  c o a l s  of t h e  I l l i n o i s  Bas in  has  
been i n v e s t i g a t e d  by G lusko t e r  and Rees, 1964; G l u s k o t e r ,  1967; and 
G lusko t e r  and Ruch, 1971, I n  g e n e r a l ,  t h e  c h l o r i n e  c o n t e n t  o f  c o a l s  i n  
t h e  I l l i n o i s  Basin i n c r e a s e s  w i th  dep th  o f  t h e  c o a l .  Coa ls  c u r r e n t l y  
be ing  mined by s u r f a c e  methods a r e  low i n  c h l o r i n e  ( l e s s  t h a n  0.04 
p e r c e n t )  and c o a l s  mined a t  t h e  g r e a t e s t  dep th s  c o n t a i n  t h e  h i g h e s t  
c h l o r i n e  (0.4 t o  0.6 p e r c e n t ) .  T h e r e f o r e ,  t h e  mean c o n c e n t r a t i o n s  may 
be i n f l uenced  by t h e  d i s t r i b u t i o n  o f  samples ,  This  may be t h e  c a s e  
w i t h  t h e  samples from e a s t e r n  United S t a t e s ,  where many o f  t h e  c o a l s  
were sampled i n  deep mines. The popu l a t i on  o f  samples  is l a r g e r  f o r  
t h e  I l l i n o i s  Bas in ;  however,  i f  any b i a s  i s  p r e s e n t  i n  t h e  sampling,  
i t  would probably  be a  b i a s  towards lower c h l o r i n e  va lue s .  

The observed  c o r r e l a t i o n  of  c h l o r i n e  and dep th  t o  t h e  c o a l  bed i s  
n o t  a  pr imary c o r r e l a t i o n ,  bu t  i t  i s  t h e  r e s u l t  o f  an i n c r e a s e  i n  
s a l i n i t y  of  ground wate r  w i th  g r e a t e r  dep th  (G lusko t e r ,  1965a) .  
G lusko t e r  and Ruch, 1971, concluded t h a t  t h e  p r e sence  of  h a l i t e  (NaC1) 
i n  c o a l  accounted  f o r  o n l y  a  p o r t i o n  of  t h e  t o t a l  c h l o r i n e  p r e s e n t  i n  
c o a l s  from t h e  I l l i n o i s  Bas in  and t h a t  weakly bound c h l o r i n e  i n  
o r g a n i c  combinat ion was a  l i k e l y  mode o f  occur rence .  

Selenium i s  t h e  t h i r d  element  found t o  be e n r i c h e d  i n  c o a l s  o f  
t h e  I l l i n o i s  Bas in ,  It is a l s o  en r i ched  i n  c o a l s  of t h e  e a s t e r n  United 
S t a t e s  and i s  t h e  on ly  element t h a t  i s  e n r i c h e d  ( a t  l e a s t  s i x  t imes  
t h e  c l a r k e )  i n  c o a l s  sampled i n  wes te rn  United S t a t e s .  Selenium is  t h e  
most s t r o n g l y  e n r i c h e d  of a l l  t h e  e lements ,  w i th  enr ichment  f a c t o r s  o f  
26,  40 ,  and 68, i n  wes t e rn ,  I l l i n o i s  Bas in ,  and e a s t e r n  c o a l s ,  
r e s p e c t i v e l y ,  Selenium c o n t e n t  of n i n e  l abo ra to ry -p r epa red  (washed) 
c o a l s  is d i s c u s s e d  l a t e r  i n  t h i s  r e p o r t .  Those d a t a  a r e  i n t e r p r e t e d  t o  
show se l en ium i n  both o r g a n i c  and i n o r g a n i c  combinat ion i n  c o a l s .  We 
would s u g g e s t  t h a t  a t  l e a s t  a  p o r t i o n  of  t h e  se len ium i n  t h e  c o a l  may 
be  i n h e r i t e d  d i r e c t l y  from t h e  Se concen t r a t ed  by p l a n t s  i n  t h e  
o r i g i n a l  c o a l  swamp. A few a n a l y s e s  o f  p e a t s  from t h e  Okefenokee swamp 
i n  Georg ia  (Ar thu r  Cohen, p e r s o n a l  communication) do show Se  
c o n c e n t r a t i o n s  o f  t h e  same magnitude a s  t hose  r e p o r t e d  f o r  t h e  c o a l s  
i n  Table  12. 
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Arsenic  i s  found t o  be e n r i c h e d  i n  t h e  samples  o f  c o a l s  from t h e  
e a s t e r n  United S t a t e s .  I n  g e n e r a l ,  a r s e n i c  i s  a s s o c i a t e d  wi th  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  i s  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 :  p y r i t e  and marca s i t e .  The samples  
o f  c o a l  from e a s t e r n  United S t a t e s  t h a t  were washed i n  t h e  l a b o r a t o r y  
p r i o r  t o  a n a l y s e s  do  s u g g e s t  t h i s  mode of  occu r r ence  f o r  a r s e n i c .  

I n  c o a l s  from a l l  t h r e e  a r e a s  most o f  t h e  e l emen ta l  
c o n c e n t r a t i o n s  a r e  lower t han  t h e  c l a r k e  o f  t h e  e lements .  A v a l u e  o f  
s i x  t i m e s  t h e  c l a r k e  was used i n  c l a s s i f y i n g  t h o s e  e lements  en r i ched  
i n  coa l s .  If  a  va lue  o f  one - s ix th  t h e  c l a r k e  i s  used t o  d e f i n e  t h o s e  
e lements  d e p l e t e d  i n  c o a l s  t h e  fo l l owing  a r e  d e p l e t e d  i n  c o a l s  of  t h e  
I l l i n o i s  Basin:  A l ,  Ca, C r ,  F,  Hf, K ,  Lu, Mg, Mn, Na, P ,  S c ,  S i ,  S r ,  
Ta ,  and T i .  A l l  of t h e  o t h e r  e lements  determined a r e  w i t h i n  t h e  range  
of one - s ix th  t o  s i x  t imes  t h e  c l a r k e .  I n  g e n e r a l ,  e l emen ta l  
c o n c e n t r a t i o n s  a r e  g e n e r a l l y  lower i n  c o a l s  from wes te rn  United 
S t a t e s ;  t h e r e f o r e  more e lements  a r e  d e p l e t e d  r e l a t i v e  t o  t h e  c l a r k e .  
I n  a d d i t i o n  t o  most o f  t h o s e  e lements  l i s t e d  f o r  c o a l s  from t h e  
I l l i n o i s  Bas in  o t h e r  e lements  d e p l e t e d  i n  wes te rn  c o a l s  a r e ,  Be, Ce, 
Co, C s ,  Eu, Fe ,  Ga, La, N i ,  H b ,  Sm, V ,  Yb, and Zn. 

TABLE 12-ELEMENTS ENRICHED IN COALS 

Element Enrichment Mean Value Cla rke  
F a c t o r  I n  Coal 

I l l i n o i s  Basin 
(114 samples)  

E a s t e r n  United S t a t e s  
( 2 3  samples)  

95 PPm 

800 pprn 

2.0 pprn 

15 PPm 

1000 ppm 

3.4 PPm 

10 PPm 

130 ppm 

.05 pprn 

1.8 pprn 

130 ppm 

.05 pprn 

Western United S t a t e s  
(29 samples)  

Se 2 6 1.3 ppm .05 ppm 

NOTE: Includes only those elements that have a geometric mean concentration six 

times the Clarke. 
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ARALYSES OF BENCH SAMPLES 

The v a r i a t i o n  o f  c h e m i c a l  e l e m e n t s  v e r t i c a l l y  w i t h i n  a  c o a l  bed 
h a s  been  i n v e s t i g a t e d  by a n a l y s e s  o f  "bench samplessv  o f  c o a l ,  T h i s  
s e r i e s  o f  f i v e  sample  s e t s  h a s  been  c o l l e c t e d  by sampl ing  t h e  c o a l  
seam i n  v e r t i c a l  segments  o r  "benchesPg ,  Normal ly ,  t h e  r o c k  u n i t  
i m m e d i a t e l y  o v e r l y i n g  t h e  c o a l  a l s o  was sampled ,  a s  was t h e  u n d e r c l a y  
( o r  o t h e r  s e a t  r o c k ) ,  and any r o c k  p a r t i n g  more t h a n  t h r e e - e i g h t h s  
i n c h  ( o n e  c e n t i m e t e r )  t h i c k  w i t h i n  t h e  seam, Each bench o f  c o a l  was 
a n a l y z e d  f o r  t h e  f u l l  r a n g e  o f  c h e m i c a l  e l e m e n t s ,  and s e v e r a l  o f  t h e  
a s s o c i a t e d  r o c k  u n i t s  were a l s o  e x t e n s i v e l y  a n a l y z e d  c h e m i c a l l y ,  The 
a n a l y t i c a l  methods used  were  t h e  same a s  t h o s e  u s e d  t o  a n a l y z e  t h e  
whole  c o a l  s a m p l e s  and a r e  d e s c r i b e d  i n  t h e  append ix ,  

F i v e  s e t s  o f  benches  were  sampled and  a n a l y z e d  i n  t h i s  s t u d y .  A l l  
o f  t h e  f i v e  s e t s  a r e  f rom t h e  H e r r i n  (No, 6) Coal Member i n  I l l i n o i s .  
The sample  s i t e s  were  s e l e c t e d  t o  p r o v i d e  a  r a n g e  o f  g e o l o g i c a l  
s e t t i n g s  and geochemica l  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 ,  Samples were 
t a k e n  f rom a r e a s  o f  h i g h - s u l f u r  c o a l  and f rom a r e a s  o f  l o w - s u l f u r  
c o a l ,  f rom underground mines and f rom s t r i p  mines ,  and f rom a r e a s  w i t h  
m a r i n e  r o o f  r o c k s  and  a r e a s  w i t h  nonmarine  s t r a t a  immedia te ly  
o v e r l y i n g  t h e  c o a l ,  The f i v e  sample  s i t e s  a r e  s e p a r a t e d  g e o g r a p h i c a l l y  
by a s  much a s  305 k i l o m e t e r s  (190  m i l e s ) ;  and no two s i t e s  a r e  c l o s e r  
t h a n  40 k i l o m e t e r s  ( 2 5  m i l e s ) ,  I n  t h i s  d i s c u s s i o n  t h e  f i v e  s i t e s  w i l l  
b e  i d e n t i f i e d  by numbers 1  t h r o u g h  5, 

The t h i c k n e s s  o f  each  bench sample  i s  g i v e n  i n  t a b l e  13, C o a l s  
sampled ranged  f rom 143 cm ( 5 6  i n )  t o  307 cm (121 i n )  i n  t h i c k n e s s ,  
The n e g a t i v e  v a l u e s  shown i n  t h e  t a b l e  a r e  t h e  sampled t h i c k n e s s e s  of 
t h e  roof  s t r a t a ,  The t o p  of t h e  c o a l  was t a k e n  a s  a  datum and was 
g i v e n  t h e  v a l u e  o f  z e r o  i n  e a c h  c a s e ,  Those i n s t a n c e s  i n  which r o o f ,  
f l o o r ,  o r  r o c k  p a r t i n g s  were  c o l l e c t e d  a r e  n o t e d  i n  t a b l e  13,  The 
n o n c o a l  u n i t s  t h a t  were  a n a l y z e d  c h e m i @ a l l y  have  a n  a n a l y s i s  number 
l i s t e d  i n  t a b l e  13, 

The r e s u l t s  o f  t h e  c h e m i c a l  a n a l y s e s  o f  40 bench samples  a r e  
g i v e n  i n  t a b l e s  14 t h r o u g h  18. All r e s u l t s  a r e  r e p o r t e d  on a  whole 
c o a l  b a s i s  a s  was done f o r  t h e  172 whole c o a l  s a m p l e s ,  t a b l e  14 l i s t s  
t h e  r e s u l t s  o f  t h e  a n a l y s e s  f o r  t r a c e  e l e m e n t s ;  t a b l e  15 ,  t h e  major  
a n d  minor  e l ement  d e t e r m i n a t i o n s ;  t a b l e s  16 and 17 ,  t h e  s t a n d a r d  c o a l  
p a r a m e t e r s ;  and t a b l e  I d ,  t h e  r e s u l t s  o f  a n a l y s e s  f o r  t o t a l  and 
v a r i e t i e s  o f  s u l f u r ,  

( T e x t  con t inued  on page 83 ) 
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T B L E  13-IDENTIFICATION OF BENCH SAMPLES ANALYZED 

A N A L Y S I S  S T A T E  O R I G I N  S A M P L E  
NUMBER T H I C K N E S S  

( C M )  

R E M A R K S  

-- B E N C H  S E T  1 -- 

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N o .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6  ) 
H E R R I N  ( N O .  6 )  

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

-- B E N C H  S E T  2 -- 

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  
I L L I N O I S  

H E R H I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N o .  6 )  
H E R R I N  ( N O .  6  ) 
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
HERRIN ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N o .  6 )  

-- B E N C H  S E T  3 -- 

H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6  ) 
H E R R I N  ( N O .  6  ) 
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  

-- B E N C H  S E T  4 -- 

H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O ,  6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  

-- B E N C H  S E T  5 -- 

H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  
H E I L R I N  ( N O .  6 1 
H E R R I N  ( N O .  6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N 0 . 6 )  
H E R R I N  ( N O .  6 )  
H E R R I N  ( N O .  6 )  

L I M E S T O N E  R O O F  - S A M P L E D  

S H A L E  P A R T I N G  ( B L U E  B A N D  

U N D E R C L A Y  - S A M P L E D ,  N O T  

N O T  A N A L Y Z E D  

A N A L Y Z E D  

S H A L E  R O O F  - S A M P L E D ,  N O T  A N A L Y Z E D  

S H A L E  P A R T I N G  - S A M P L E D ,  NOT A N A L Y Z E D  

U N D E R C L A Y  - S A M P L E D ,  NOT A N A L Y Z E D  

S H A L E  R O O F  

S H A L E  P A R T I N G  ( B L U E  B A N D )  

U N D E R C L A Y  

S H A L E  R O O F  

S H A L E  P A R T I N G  - N O T  S A M P L E D  

U N D E R C L A Y  

.................................................................................................... 
MOTE: Samples are listed by analysis numbers on tables 14 through 18. 
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TABLE 14-ELEMENTS IN BENCH SAMPLES 
(parts p e r  m i l l i o n ,  m o i s t u r e - f r e e  w h o l e  c o a l  basis ) 

S A M P L E  AG A S  B B A BE BR CD CE CO CR C S  CU 



TRACE ELEDIENTS IN COAL 

TABLE 14-continued 

SAMPLE DY EU F G A GE H F HG I IN LA LU MN 

NOTE : Samples l i s t e d  by sample number (C-number). Refer  to table 

3.2 
3.5 
6.1 
7.1 
6.7 
4.6 
3.8 
8.8 
9.4 
2.8 
2.8 
8.5 
4.7 
7.4 

3 5 
6.7 
1.1 
1.7 
3.4 
5.2 

11 
7.1 

68 
4.2 
1.5 
3.3 

22 
4.7 
6.8 

150 
3.0 

47 
4 1 

2.6 
3.0 
3.4 
1.1 
5.4 
9.1 

35 

13 f o r  i d e n t i f  i- 

c a t i o n  of  samples. 
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TABLE 14-continued 

................................................................................................................... 

SAMPLE MO N I P PB RB SE SC SE SM SN S R T A 

................................................................................................................... 



TRACE ELEMENTS IN COAL 

TABLE 14-concluded 

SAMPLE TB TH TL U V W Y B ZN Z R  
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TABLE 15-MAJOR AND MINOR ELEMENTS I N  BENCH SAMPLES 
(percent, moisture-free whole coal basis) 

SAMPLE AL C A CL FE K MG N A SI TI 

....................................................................................... 
NOTE: Samples listed by sample number (~-number). Refer to table 13 for i d e n t i f i -  

c a t i o n  of samples. 



TABLE 16--FROXIMATE ANALYSES OF BENCH SAMPLES TABLE 17--ULTIMATE ANALYSES OF BENCH SAMPLES 
(pe rcen t  of whole c o a l  except  f o r  Btu v a l u e s )  ( p e r c e n t ,  moisture-free whole c o a l  basis) 

SAMPLE ADL MOIS VOL FIXC ASH BTU SAMPLE C H N 0 HTA LTA 

............................................................ ............................................................ 
Co 

NOTE: Abbreviations a re  l i s t e d  i n  t ab le  1 and iden t i f i ca t ion  of samples are  i n  t ab le  13. A l l  values are  on a P 

moisture-free whole coal  bas is  except f o r  a i r  dry lo s s  (ADL) and moisture (MOIS ) .  
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TABLE 18-SULFUR ANALYSES OF BENCH SAMPLES 
(percent, moisture-free, whole coal basis ) 

.................................................... 
NOTE: Refe r  t o  t a b l e  1 f o r  a b b r e v i a t i o n s ;  r e f e r  t o  

t a b l e  13 f o r  i d e n t i f i c a t i o n  of samples. 



TRACE ELEMENTS IN COAL 

Because  c o a l  i n  most r e s p e c t s  i s  a h e t e r o g e n o u s  m a t e r i a l ,  wide 
v a r i a t i o n s  i n  c o n t e n t  o f  t r a c e  e l e m e n t s  i n  i n d i v i d u a l  benches  were  
e x p e c t e d ,  and i n  g e n e r a l  t h a t  was t h e  f i n d i n g ,  However, i n  s e v e r a l  
bench s e t s  some e l e m e n t s  o c c u r  u n i f o r m l y  t h r o u g h o u t  t h e  bed. Among t h e  
more un i fo rm d i s t r i b u t i o n s  o b s e r v e d  i s  t h a t  o f  bromine i n  bench s e t  3 
( f i g ,  63). The r a r e  e a r t h  e l e m e n t s  a l s o  e x h i b i t  r e l a t i v e l y  u n i f o r m  
d i s t r i b u t i o n s  i n  t h e  bench s e t s  a n a l y z e d ,  F i g u r e  6 3  and a l l  o f  t h e  
h i s t o g r a m s  o f  bench samples  r e p r e s e n t  t h e  t o t a l  c o a l  seam and a r e  
drawn w i t h  t h e  p r o p o r t i o n a l  t h i c k n e s s  o f  each  bench p l o t t e d  a l o n g  t h e  
o r d i n a t e  and t h e  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 s  p l o t t e d  a l o n g  t h e  
a b s c i s s a ,  The t o p  o f  t h e  c o a l  seam, o r  t h e  rock  above t h e  seam, i s  
p l o t t e d  a t  t h e  t a p  o f  e a c h  f i g u r e .  

The e x p e c t e d  v a r i a b i l i t y  i n  t r a c e  e l ement  d i s t r i b u t i o n  i s  
a p p a r e n t  i n  f i g u r e  64. The t h r e e  e l e m e n t s  U ,  Mo, and V have a  wide 
d i s t r i b u t i o n  r a n g e  a n d  a l l  a r e  c o n c e n t r a t e d  i n  t h e  uppermost  bench o f  
t h i s  sample  s e t .  Al though maximum c o n c e n t r a t i o n  o f  e l e m e n t s  may o c c u r  I 

i n  any o f  t h e  benches  o f  t h e  c o a l  b e d ,  t h e  t o p  a n d / o r  bo t tom benches  
a p p e a r  t o  be t h e  p r e f e r r e d  s i t e s ,  The e o n c e n t r a t i o n  o f  ant imony i n  t h e  
uppermost  bench o f  f o u r  samples  s e t s  and i n  t h e  bottommost bench o f  
t h e  f i f t h  i s  r e p r e s e n t e d  i n  f i g u r e  65. The maximum c o n c e n t r a t i o n  
w i t h i n  t h e  c o a l  bed i s  i n  e i t h e r  t h e  t o p  o r  bo t tom bench o f  e a c h  
sample  s e t ,  S t i l l  h i g h e r  amounts of ant imony were  o b t a i n e d  f rom t h e  
r o c k  u n i t s  a s s o c i a t e d  w i t h  t h e  c o a l s ,  

D i s t r i b u t i o n  o f  germanium i n  t h e  bench s e t s  i s  shown i n  f i g u r e  
6 6 ,  The p a t t e r n  i s  d i s t i n c t  a n d  c o n s i s t e n t  i n  bench s e t s  1  t h r o u g h  4, 
and  l e s s  w e l l  d e f i n e d  i n  bench s e t  5. The germanium c o n t e n t  o f  t h e  t o p  
bench a n d / o r  t h a t  o f  t h e  bo t tom bench a r e  g r e a t e r  t h a n  t h e  germanium 
c o n t e n t  of  t h e  o t h e r  benches  i n  a l l  f i v e  sample  s e t s ,  E a r l i e r  e f f o r t s ,  
(fluch e t  a l e ,  1974,  and G l u s k o t e r ,  1975)  and t h o s e  o f  Zubovic  (19661,  
d e m o n s t r a t e d  t h a t  germanium i s  p r i m a r i l y  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  o f  t h e  c o a l s  i n  I l l i n o i s  and n o t  i n  t h e  m i n e r a l  m a t t e r  
f r a c t i o n ,  T h i s  and t h e  o b s e r v a t i o n  t h a t  t h e  germanium is  c o n c e n t r a t e d  
a t  t h e  b o u n d a r i e s  o f  t h e  c o a l  bed ,  t h e  t o p  and t h e  bo t tom,  s u g g e s t  
t h a t  t h e  germanium was i n t r o d u c e d  i n t o  t h e  c o a l  bed a f t e r  b u r i a l  and 
t h u s  i t s  o r i g i n  i s  n o t  r e l a t e d  t o  c o n d i t i o n s  i n  t h e  swamps i n  which 
t h e  c o a l  was formed,  R a t h e r ,  t h e  germanium was t r a n s p o r t e d  i n t o  t h e  
c o a l  bed i n  s o l u t i o n  and was a s s i m i l a t e d  by t h e  c o a l  when geochemica l  
c o n d i t i o n s  w i t h i n  t h e  c o a l  bed were f a v o r a b l e  f o r  t h e  removal o f  t h e  
germanium from t h e  s o l u t i o n s ,  The h o r i z o n t a l  b o u n d a r i e s  ( t o p  and 
bo t tom)  a f  t h e  bed were n e c e s s a r i l y  i n  c o n t a c t  w i t h  t h o s e  s o l u t i o n s  
b e f o r e  t h e  i n n e r m o s t  p a r t s  o f  t h e  bed ,  Zubovic  e t  a l , ,  ( 1 9 4 4 )  
p r e s e n t s  a d i f f e r e n t  i n t e r p r e t a t i o n  f o r  t h e  c o n c e n t r a t i o n  s f  e l e m e n t s  
a t  t h e  t o p  and t h e  bo t tom o f  t h e  c o a l  b e d s  i n  t h e  I l l i n o i s  B a s i n ,  He 
a t t r i b u t e s  t h e s e  e o n c e n t r a t i a n s  t o  ' I g r e a t e r  a v a i l a b i l i t y  o f  m i n e r a l  
m a t t e r  and m i n e r a l -  r i c h  s o l u t i o n s  toward t h e  b e g i n n i n g  and end o f  t h e  
i n t e r v a l  of a c c u m u l a t i o n  o f  t h e  p l a n t  d e b r i s  t h a t  e v e n t u a l l y  becomes 
c o a l s q a  (Zubov ic  e t  al,, 1964, p ,  B35),  We a l s o  s t a t e d  t h e  b e l i e f  t h a t  
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c o a l s  nea r  t h e  margin of  t h e  b a s i n  of  d e p o s i t i o n  would have a  more 
he te rogenous  v e r t i c a l  d i s t r i b u t i o n  o f  e lements  because o f  v a r i a b l e  
c o n d i t i o n s  o f  wea the r i ng  and e r o s i o n  i n  t h e  bo rde r  l a n d ,  

Bench s e t s  1 ,  2 ,  3,  and 4  a r e  from l o c a t i o n s  i n  s o u t h  c e n t r a l  and 
sou thwes t e rn  I l l i n o i s  and bench s e t  5 is from t h e  nor thwes te rn  p a r t  o f  
t h e  c o a l  b a s i n  and i s  i n t e r p r e t e d  t o  have been c l o s e r  t o  t h e  b a s i n  
margin. The germanium d i s t r i b u t i o n  i s  somewhat more uniform i n  bench 
s e t  5 t han  i n  t h e  o t h e r  f o u r  bench s e t s ;  t h e  Ge con t en t  i s  o f  t h e  same 
o r d e r  of magnitude a s  t h a t  o f  t h e  o t h e r  bench s e t s ,  

Elements t h a t  were observed t o  be c l o s e l y  r e l a t e d  i n  f a c e  channe l  
samples  o f  c o a l s  a r e ,  a s  expec t ed ,  a l s o  c l o s e l y  c o r r e l a t e d  i n  t h e  
i n d i v i d u a l  benches. Examples o f  t h i s  a r e  shown by calcium and 
manganese i n  bench s e t  1 ,  phosphorus and f l u o r i n e  i n  bench s e t  2 ,  and 
s u l f u r  and a r s e n i c  i n  bench s e t  4  ( f i g .  6 7 ) .  Calcium and Mn a r e  
a s s o c i a t e d  i n  t h e  mine ra l  c a l c i t e ,  P and F i n  t h e  mine ra l  a p a t i t e ,  and 
S and A s  i n  t h e  mine ra l  p y r i t e .  Elements  t h a t  occur  i n  c o a l s  a s  
d i s c r e t e  m i n e r a l  phases  have wide r anges  i n  c o n c e n t r a t i o n s  i n  benches 
a s  t hey  do i n  whole c o a l  samples .  For  example, Zn, which occu r s  a s  t h e  
mine ra l  s p h a l e r i t e  (ZnS),  ranges  from 17 ppm t o  4100 ppm i n  benches o f  
s e t  2. The r a t i o  of  t h e  h i g h e s t  c o n c e n t r a t i o n  of  an element  i n  t h e  
benches t o  t h e  lowes t  c o n c e n t r a t i o n  of  t h a t  e lement  i n  t h e  benches is 
a  measure of t h e  range o f  an element  w i t h i n  a  bench s e t .  Th i s  r a t i o  
commonly h a s  t h e  va lue  o f  3 t o  7 o r  8 ,  The r a t i o  is much h i g h e r  f o r  
z i n c  i n  bench s e t  2  where i t  i s  more t han  200, The o t h e r  e lements  t h a t  
a r e  g e n e r a l l y  found c o n c e n t r a t e d  i n  i n d i v i d u a l  benches and o f t e n  a t  
t h e  t o p  and/or  t h e  bot tom o f  t h e  bed a l s o  have h igh  r a t i o s ,  Germanium 
i n  bench s e t s  1  through 4 has  v a l u e s  o f  24 t o  260; Mo i n  a l l  f i v e  s e t s  
h a s  a  range r a t i o  o f  18 t o  480; and C 1  i n  bench s e t s  1  and 4  has  
v a l u e s  o f  70 and 60 f o r  t h i s  r a t i o ,  

I n  g e n e r a l ,  e lements  t h a t  have low v a l u e s  o f  t h e  r a t i o  showing 
range  i n  c o n c e n t r a t i o n  o f  an element  i n  a  s i n g l e  bench s e t  i n c l u d e  
boron and bromine, Values  o f  t h e  r a t i o  o f  1 , 5  and l e s s  f o r  t h e s e  
e l emen t s  a r e  found i n  s e v e r a l  b u t  n o t  i n  a l l  t h e  bench s e t s ,  Bench s e t  
4  ha s  a  v a l u e  of  1  f o r  B and bench s e t  1  has  a  va lue  o f  5 f o r  Br. 

The roof  s h a l e ,  unde rc l ay ,  and a  c l a y  p a r t i n g  ( b l u e  band) were 
ana lyzed ,  a s  w e l l  a s  t h e  seven  benches o f  c o a l  i n  bench s e t  4, Roof 
and f l o o r  were a l s o  ana lyzed  i n  bench s e t  5 ,  and a  c l a y  p a r t i n g  ( b l u e  
band) was ana lyzed  i n  bench s e t  2 ,  Many e lements  i n c l u d i n g  Ag, Ba, Cd, 
Co, C r ,  C s ,  Cu, F, Ga, Hf, La, Mn, S c ,  S e ,  Sm, S r ,  Th, V ,  Yb, Z r ,  K ,  
Mg, S i ,  Na, and most of  t h e  r a r e  e a r t h  e lements  t h a t  were de te rmined ,  
occu r  i n  s i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t i o n s  i n  most o f  t h e s e  rock  
u n i t s  t han  i n  t h e  c o a l s ,  Examples of c o n c e n t r a t i o n s  o f  t h e  e lements  i n  
t h e  s t r a t a  a s s o c i a t e d  wi th  t h e  c o a l  a r e  g iven  i n  t h e  i l l u s t r a t i o n s  of 
c o n c e n t r a t i o n s  of barium, cer ium,  and s i l i c o n  i n  bench s e t  4  ( f i g .  
6 8 ) ,  

(Text continued on page 90) 
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Fig. 63 - Distribution of bromine in coals of bench set 3. 

U IPPMI 
0 4 8 I2 16 20 24 28 

MO IPPMI 
0 7 19 21 28 35 92 99 

Fig. 64 - Distribution of uranium, molybdenum, and vanadium in coals of 
bench s e t  1, 
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SB IPPMI SB IPPMI 
0.0 1.0 2.0 3.0 U.O 5.0 6.0 7.0 0.0 0.1 0.2 0.3 0.U 0.5 0.6 0.6 

m 
Bench set 4 

Fig, 65 - Distribution of antimony in coals from bench sets 1, 2, 3, 4, 
and 5. 
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L 
Bench se t  2 

Bench set 4 I ? ! !  

Fig.  66 - D i s t r i b u t i o n  of germanium i n  coaLs from bench s e t s  1, 2 3, 4, 
and 5. I 
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Fig. 67 - Dis t r ibu t ion  of associa ted  elements i n  bench s e t s  : Calcium - 
and manganese i n  bench s e t  1; phosphorus and f l u o r i n e  i n  
bench s e t  2; and t o t a l  s u l f u r  and a r sen ic  i n  bench s e t  4. 
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BR IPPMI ~ ~ 1 0 ~ 1  
0.0 1.3 2.7 1.0 5.4  6 . 7  8 .1  9.U 

Fig.  68 - Concent ra t ion  o f  bar ium, cer ium, and s i l i c o n  i n  c o a l s  and as- 
s o c i a t e d  s t r a t a  o f  bench s e t  4. 
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ANALYSES OF WASHED CQALS 

Methods o f  Ana lyses  

Many o f  t h e  c o a l s  mined i n  t h e  U n i t e d  S t a t e s  a r e  "washedoV o r  
f r c l e a n e d 9 g  p r i o r  t o  d e l i v e r y  t o  t h e  consumer,  C l e a n i n  
r e d u c i n g  t h e  c o n t e n t o o f  ash and s u l f u r  s f  t h e  c o a l  by 
p o r t i o n  of  t h e  m i n e r a l  m a t t e r  a s s o c i a t e d  w i t h  t h e  c o a l ,  Because  t h e  
s p e c i f i c  g r a v i t i e s  o f  " c h e  m i n e r a l s  i n  c o a l  a r e  from two t o  f o u r  t i m e s  
g r e a t e r  t h a n  ' t h a t  o f  t h e  c o a l ,  most c o a l - c i e a n i n g  t e c h n i q u e s  i n v o l v e  a  
s p e c i f i c  g r a v i t y  s e p a r a t i o n ,  Data  on t h e  w a s h a b i l i t y  o f  I l l i n o i s  c 
a n d  a d e s c r i p t i o n  o f  t h e  t e c h n i q u e s  used  have been p u b l i s h e  
H e l f i n s t i n e  et al,, (1970)  and H e l f f n s t i n e  e t  al,, ( 1 9 J 3 , 1 9 T 4 3 ,  

Nine samples  of c o a l s  were  s e p a r a t e d  i n t o  s p e c i f i c  g r a v i t y  
f r a c t i o n s  and were a n a l y z e d  Tor most o f  t h e  same m a j o r ,  minor ,  and 
t r a c e  e l e m e n t s  a s  were  t h e  772 whole c o a l s .  The g r a v i t y  s e p a r a t i o n s  
w e r e ,  i n  each  c a s e ,  made on a t h r e e - e i g h t h s  i n c h  by 28 mesh s i z e  
f r a c t i o n  o b t a i n e d  by c r u s h i n g  t h e  c o a l  t o  l e s s  t h a n  t h r e e - e i g h t h s  i n c h  
( 1  cm) and t h e n  s c r e e n i n g  i t ,  A l l  s e p a r a t i o n s  o f  1 , 6 0  s p e c i . f i c  g r a v i t y  
a n d  below were made i n  an a p p r o p r i a t e  m i x t u r e  o f  p e r c h l o r o e t h y l e n e  and 
n a p h t h a .  The s e p a r a t i o n s  a t  a  s p e c i f i c  g r a v i t y  o f  a p p r o x i m a t e l y  2 , 8  
were  made i n  bromoform o r  i n  bromoform t h a t  c o n t a i n e d  a  s m a l l  a  
o f  e t h y l  a l c o h o l ,  Three  c o a l s  were e a c h  s e p a r a t e d  i n t o  s i x  s p e c i f i c  
g r a v i t y  f r a c t i o n s  i n  t h e  p e r c h l o r o e t h y l e n e  and  n a p h t h a ;  t h e  h e a v i e s t  
o f  each  o f  t h e s e  s i x  f r a c t i o n s  (1-60 s i n k )  was s e p a r a t e d  i n t o  two 
p a r t s  i n  bromoform, F i v e  o f  t h e  c o a l s  were washed t o  a  maximum g r a v i t y  
o f  o n l y  1 , 6 0 ,  One c o a l  was a l s o  s e p a r a t e d  i n  t h e  p e r c h l o r o e t h y l e n e  and 
n a p h t h a  b u t  o n l y  two f r a c t i o n s  were  a n a l y z e d ,  one w i t h  a  s p e c i f i c  
g r a v i t y  o f  l e s s  t h a n  1,25 and one w i t h  a  s p e c i f i c  g r a v i t y  g r e a t e r  t h a n  
1 .60 ,  The r e s u l t s  o f  t h e  a n a l y s e s  f o r  C l  and I i n  t h e  washed c o a l s  a r e  
n o t  g i v e n ,  b e c a u s e  r e l a t i v e l y  l a r g e  amounts  o f  t h e s e  e l e m e n t s  may have 
been  added t o  t h e  c o a l s  f rom t h e  washing media,  

F i v e  o f  t h e  c o a l s  that were washed were f rom t h e  I l l i n o i s  B a s i n ,  
o n e  each from t h e  Dav i s  Coal Member, t h e  DeKoven Coal  Member, and t h e  

o ,  2 )  Coal Member, and two were from t h e  H e s r i n  ( 
Coal  Pkmber, T h r e e  of  t h e  samples  were  f rom t h e  e a s t e r n  c o a l  f i e l d s ;  a 
sample  o f  t h e  Blue Creek bed ,  Alabama; t h e  Pocahon tas  No, 4 bed ,  West 
V i r g i n i a ;  and t h e  P i t t s b u r g h  No, 8 bed,  West Vir i n i a ,  The r e m a i n i n g  
sample  was from Lhe Black  Mesa F i e l d  i n  Ar izona .  The samples  a r e  
i d e n t i f i e d  and  t h e  p e r c e n t  o f  t h e  raw c o a l  i n  e a c h  washed f r a c t i o n  i s  
g i v e n  i n  T a b l e  19, 
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R e s u l t s  of t h e  d e t e r m i n a t i o n s  of  t r a c e  e l emen t s  o f  t h e  
l abo ra to ry -p r epa red  c o a l s  a r e  g iven  i n  t a b l e  20; t h e  major and minor 
e lements  i n  t a b l e  21; t h e  s t a n d a r d  c o a l  a n a l y s e s  i n  t a b l e s  22 and 
23; and t h e  v a r i e t i e s  o f  s u l f u r  i n  t a b l e  24, Samples a r e  l i s t e d  i n  
o r d e r  of  i n c r e a s i n g  s p e c i f i c  g r a v i t y ,  Those samples  i d e n t i f i e d  a s  t o  
t h e i r  s i z e  d i s t r i b u t i o n  ( f o r  example, t h r e e - e i g h t h s  i n c h  by 28 mesh) 
a r e  "whole c o a l , "  o r  t h e  sample p r i o r  t o  washing. The a n a l y s e s  o f  t h e  
28 mesh by z e r o  f r a c t i o n  i s  a l s o  g iven ,  a l though  t h i s  f r a c t i o n  was 
removed from t h e  c o a l  p r i o r  t o  washing t o  avo id  t h e  d i f f i c u l t i e s  t h a t  
a r e  encounte red  when a t t e m p t s  a r e  made t o  wash f i n e  c o a l .  ho 
s i g n i f i c a n t l y  d i f f e r e n t  c o n c e n t r a t i o n s  o f  e lements  i n  t h e  28 mesh by 
z e r o  f r a c t i o n  a r e  observed when compared t o  t h e  t h r e e - e i g h t h s  i n c h  by 
28 mesh f r a c t i o n .  

( ~ e x t  continued on page 105 ) 
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TABLE 19-IDENTIFICATION OF LABORATORY-PREPARED WASHED COAL SAMPLES 

ANALYSIS STATE O R I G I N  SPECIFIC PERCENT 
NUMBER GRAVITY 0 F 

FRACTION RAW COAL 

ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 

ALABAMA 
ALABAMA 
ALABAMA 
ALABAMA 
ALABAMA 
ALABAMA 

W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  

W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  
W V I R G I N I A  

A H I Z O N A  
A R I Z O N A  
A R I Z O N A  
A R I Z O N A  
ARIZONA 
ARIZONA 

-- FLOAT-SINK SET 1 -- 
HERRIN (NO. 6 ) 28M X 0 
HERRIN (NO. 6 ) 1.29 F 
HERRIN (NO. 6 )  1 .33  FS 
HERHIN (NO. 6 ) 1 .40  FS 
HERRIN (N0.6) 1 .60 FS 
HERHIN (NO. 6 ) 1.60 S 

-- FLOAT-SINK SET 2 -- 

BLUE CREEK 28M X 0 
BLUE CREEK 1.30 F 
BLUE CREEK 1.32 FS 
BLUE CREEK 1.40 FS 
BLUE CREEK 1.60 FS 
BLUE CREEK 1.60 S 

-- FLOAT-SINK SET 3 -- 

POCAHONTAS #4 3 /8  X 28M 
POCAHONTAS #4 28M X 0 
POCAHONTAS 114 1.30 F 
POCAHONTAS f 4 1 .33  FS 
POCAHONTAS #I4 1.40 FS 
POCAHONTAS #4 1.59 FS 
POCAHONTAS f 4 1.59 S 

-- FLOAT-SINK SET 4 -- 

PITTSBURGH /I8 3/8  X 28M 
PITTSBURGH /I8 28M X 0 
PITTSBURGH #8 1.29 F 
PITTSBURGH #8 1.32 FS 
PITTSBURGH #8 1.40 FS 
PITTSBURGH #8 1.59 FS 
PITTSBURGH 118 1.59 S 

-- FLOAT-SINK SET 5 -- 

BLACK MESA FIELD 28M X 0 
BLACK MESA FIELD 1 .28  F 
BLACK MESA FIELD 1.30 FS 
BLACK MESA FIELD 1.40 FS 
BLACK MESA FIELD 1.60 FS 
BLACK MESA FIELD 1.60 S 

NOTE: Samples a r e  l i s t e d  by ana ly s i s  numbers on t a b l e s  2 0  through 24. 
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TABLE 19-Concluded 

ANALYSIS STATE O R I G I N  SPECIFIC PERCENT 
NUMBER GRAVITY 0  F  

FRACTION RAW COAL 

-- FLOAT-SINK SET 6 -- 

C-18090 
C-18094 
C-18095 
C-18095 
C-I8097 
C-I 8098 
C-18099 
C-18106 
C-18107 

C-18092 
C-18100 
C-18105 

C-18133 
C-18134 
C-16135 
C-18136 
C-18137 
C-181 38 
C-18 1  39 
C-18140 
C-18141 
C-18142 

C-18121 
C-18122 
C-18123 
C-18124 
C-18125 
C-18126 
C-18127 
C-18128 
C-18129 
C-18 1  30 

ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 

ILLINOIS 
ILLINOIS 
ILLINOIS 

ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 

ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 
ILLINOIS 

DAVIS 
DAVIS 
DAVIS 
DAVIS 
DAVIS 
DAVIS 
DAVIS 
DAVIS 
DAVIS 

-- FLOAT-SINK SET 7  -- 

DEKOVEN 
DE KOVEN 
DEKO VEN 

-- FLOAT-SINK SET 8  -- 
COLCHESTER (N0.2) 3/8 X 28M 
COLCHESTER (N0.2) 28M X 0  
COLCHESTER (N0.2) 1.25 F 
COLCHESTER (N0.2) 1.26 FS 
COLCHESTER (N0.2) 1.30 FS 
COLCHESTER (N0.2) 1.40 FS 
COLCHESTER (N0.2) 1.60 FS 
COLCHESTER (NO. 2 )  1.60 S  
COLCHESTER (N0.2) 2.89 FS 
COLCHESTER (NO. 2  ) 2.89 S  

-- FLOAT-SINK SET 9  -- 
HERRIN (NO. 6  ) 
HERRIN (N0.6) 
HERRIN (NO. 6  ) 
HERRIN (NO. 6  ) 
HERRIN (N0.6) 
HERRIN (N0.6) 
HERRIN (NO. 6 ) 
HERRIN (N0.6) 
HERRIN (NO. 6  ) 
HERRIN (NO. 6  ) 

NOTE: Samples are  l i s t e d  by analys is  numbers on tables  20  through 24. 
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TABLE 20-TRACE ELEMENTS IN LABORATORY-PREPARED WASHED COAL SAMPLES 
(parts per million, moisture-free, whole coal basis) 

S A M P L E  AG A S  B B A BE BR CD C E  CO CR C S  .c u 
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TABLE 20-Continued 

NOTE: Samples l i s t e d  by sample number (C-number). 
c a t i on  of s a m ~ l e s .  

Refer t o  t ab l e  19 f o r  i den t i f  i- 
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TABLE 20-Cont inued 

SAMPLE DY EU F GA G E H F HG I IN LA L U MN 
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TABLE 20-Continued 

SAMPLE DY EU F GA GE H F HG I IN LA LU MN 

NOTE: Samples l i s t e d  by sample number (C-number). Refer t o  t ab le  19 f o r  i d e n t i f i -  

ca t ion  of samples. 
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TABLE 2 0 - C o n t i n u e d  

SAMPLE MO N1 P PB AB S B  S C  S E  SM SN SR TA 
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TABLE 20-Continued 

SAMPLE MO h I  P PB RB SB SC SE SM SN SR TA 

C18880 
C18881 
Cl8882 
C18890 
C18891 
C18883 
C18884 
C18885 
C18886 
C18887 
C18892 
C18893 
C18894 
C18895 
C18896 
C18897 
C18898 
C19009 
C19010 
c l g o l l  
C19012 
C19013 
C19014 

NOTE : Samples l i s t e d  by  sample number (G-number) .  R e f e r  t o  t a b l e  19 f o r  i d e n t i f i -  
c a t i o n  of samples. 
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TABLE 20-Coneladed 

...................................................................................... 

SAMPLE Tb T H TL U V W YB ZN Z R 

NOTE: Samples l i s t e d  by sample number (C-number). Refer  t o  t a b l e  
19 f o r  i d e n t i f i c a t i o n  of samples. 
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TABLE 21-MAJOR AND MINOR ELEMENTS I N  LABORATORY- 
PREPARED WASHED COAL SAMPLES 

(percent, moisture-free whole coal basis ) 

SAMPLE AL C A CL FE K MG N A S I  TI 



NOTE: Refer t o  t a b l e  1 f o r  abbrev ia t ions ;  r e f e r  

t o  t a b l e  19 f o r  i d e n t i f i c a t i o n  of samples. 





TABLE 24--SULFUR ANALYSES OF LABORATORY-PREPARED WASHED COAL SAMPLES 
(percent, moisture-free whole coal basis ) 

SAMPLE ORS PYS SUS TOS SXRF SAMPLE ORG PYS SUS TOS SXRF 

NOTE: R e f e r  t o  t a b l e  f o r  a b b r e v i a t i o n s ;  
r e f e r  t o  t a b l e  19 f o r  i d e n t i f i c a -  
t i o n  of samples .  
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D i sp l ay ing  Washab i l i t y  Data 

The f l o a t - s i n k ,  o r  w a s h a b i l i t y ,  d a t a  can be d i sp l ayed  a s  
w a s h a b i l i t y  cu rve s  and a s  h i s tograms ,  Washab i l i t y  cu rve s  and 
h i s t og rams  f o r  a  s e r i e s  o f  e lements  a r e  shown i n  f i g u r e s  69 through 
74.  The f i g u r e s  a r e  p r e s e n t e d  i n  o r d e r  of i n c r e a s i n g  t e n d e n c i e s  o f  t h e  
e lements  t o  be c o n c e n t r a t e d  i n  t h e  h e a v i e r  f r a c t i o n s  ( d e c r e a s i n g  
o r g a n i c  a f f i n i t y ) ,  The w a s h a b i l i t y  cu rve  i s  a  t y p e  of  cumula t ive  cu rve  
from which t h e  expec ted  c o n c e n t r a t i o n  o f  an element  a t  any g iven  
r e cove ry  r a t e  of  a  c o a l  can be  read  assuming t h e  s e p a r a t i o n  was based 
on s p e c i f i c  g r a v i t y  d i f f e r e n c e s .  The re fo r e ,  t h e  a b s c i s s a  i s  " recovery  
o f  f l o a t  c o a l  i n  p e r c e n t w  and should  be  a p p l i c a b l e  t o  any s p e c i f i c  
g r a v i t y  s e p a r a t i o n  w i thou t  r ega rd  t o  t h e  medium i n  which i t  i s  done o r  
t h e  method used.  The raw c o a l  c o n c e n t r a t i o n  o f  an element  i s  r ead  a t  
t h e  100-percent r e cove ry  p o i n t ;  t h e  c o n c e n t r a t i o n  i n  t h e  c l e a n e s t  
c o a l s  (most f r e e  o f  m ine ra l  m a t t e r )  i s  r ead  a t  t h e  low recovery  end o f  
t h e  curve  (20 t o  30-percent  r e c o v e r y ) ,  

F igu re  69 shows t h e  w a s h a b i l i t y  cu rve  and t h e  h i s togram f o r  
germanium i n  a  sample from t h e  Davis  Coal Member, The n e g a t i v e  s l o p e  
of t h e  curve i n d i c a t e s  t h a t  germanium is c o n c e n t r a t e d  i n  t h e  c l e a n  
c o a l  f r a c t i o n s ,  Th i s  i s  a l s o  appa ren t  from t h e  h i s togram,  The 
h i s togram a l s o  i n d i c a t e s  t h a t  t h e r e  i s  h i g h e r  c o n c e n t r a t i o n  o f  
germanium i n  t h e  1*60  t o  >2.79 s p e c i f i c  g r a v i t y  f r a c t i o n  t h a n  i n  t h e  
>2.79 s p e c i f i c  g r a v i t y  f r a c t i o n ,  Apparen t ly ,  a  g r e a t e r  p o r t i o n  of  t h e  
germanium i s  c o n c e n t r a t e d  wi th  t h e  c l a y  m i n e r a l s  t han  w i th  t h e  s u l f i d e  
mine ra l s  t h a t  compose t h e  m a j o r i t y  of  t h e  >2,79 s i n k  f r a c t i o n .  

An element  t h a t  is  un i formly  d i s t r i b u t e d  i n  t h e  v a r i o u s  f r a c t i o n s  
o f  t h e  washed c o a l  w i l l  have a  w a s h a b i l i t y  cu rve  w i th  a  s l o p e  o f  z e ro  
( f l a t ) ;  washing such a  c o a l  w i l l  have no e f f e c t  on t h e  c o n c e n t r a t i o n  
o f  t h e  element i n  t h e  c l e a n  c o a l ,  An example o f  t h i s  t ype  o f  
d i s t r i b u t i o n  i s  shown by t h e  w a s h a b i l i t y  cu rve  and h i s t og ram o f  
bromine f o r  a  sample from t h e  P i t t s b u r g h  No, 8 c o a l  i n  West V i r g i n i a  
( f i g .  7 0 ) .  

A p o s i t i v e  s l o p e  of t h e  w a s h a b i l i t y  cu rve  shows t h a t  t h e  element  
i s  concen t r a t ed  i n  t h e  i n o r g a n i c  (m ine ra l  m a t t e r )  p o r t i o n  of t h e  c o a l .  
The more s t r o n g l y  a s s o c i a t e d  t h e  element i s  wi th  t h e  i n o r g a n i c  
f r a c t i o n ,  t h e  s t e e p e r  i s  t h e  s l o p e  of  t h e  curve .  Washab i l i t y  d a t a  on 
C r  i n  a  sample from t h e  Blue Creek c o a l  i n  Alabama g ive  a  w a s h a b i l i t y  
cu rve  w i t h  a p o s i t i v e  s l o p e  but  t h e  curve  does n o t  approach t h e  o r i g i n  
( f i g ,  T I ) ,  r a t h e r  when extended t h e  cu rve  i n t e r c e p t s  t h e  o r d i n a t e  a t  
approximate ly  10 ppm. 

A curve  wi th  a s t e e p e r  p o s i t i v e  s l o p e  i s  ob t a ined  when t h e  
w a s h a b i l i t y  d a t a  f o r  A s  i n  t h e  same c o a l  (Blue Creek seam, Alabama) 
a r e  p l o t t e d  ( f i g ,  7 2 ) .  Apparen t ly ,  a r s e n i c  i s  more s t r o n g l y  a s s o c i a t e d  
w i th  t h e  m i n e r a l  ma t t e r  f r a c t i o n  of  t h e  c o a l  t h a n  i s  chromium. We 
would expect t h a t  i t  i s  p r e s e n t  i n  s o l i d  s o l u t i o n  i n  t h e  i r o n  s u l f i d e  
m i n e r a l s ,  
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.The w a s h a b i l i t y  cu rve  f o r  t h e  low-temperature  a sh  o f  a  sample 
from t h e  Pocahontas  N O ,  4 seam i n  West V i r g i n i a  i s  shown i n  f i g u r e  73, 
T h i s  c o a l  washes r e a d i l y  t o  produce a  r e l a t i v e l y  "clean" c o a l  w i th  
f a i r l y  h igh  recovery.  Elements such a s  a r s e n i c ,  which have w a s h a b i l i t y  
c u r v e s  t h a t  a r e  s t e e p e r  t han  t h a t  f o r  t he low- t empe ra tu r e  ash  (LTA)are  
even more e a s i l y  removed by washing t han  i s  t h e  "average" a sh .  

S u l f u r  i s  p r e s e n t  i n  c o a l s  i n  bo th  o r g a n i c  and i n o r g a n i c  
combina t ion ;  t h e  s t a n d a r d  a n a l y s e s  r e p o r t  t h e  v a r i e t i e s  o f  s u l f u r  a s  
s u l f a t e  s u l f u r ,  p y r i t i c  s u l f u r ,  and o r g a n i c  s u l f u r .  I n  a sample from 
t h e  He r r i n  (No. 6 )  Coal i n  I l l i n o i s ,  t h e  w a s h a b i l i t y  cu rve  f o r  t o t a l  
s u l f u r  shows t h e  c o n t r i b u t i o n  from both  o r g a n i c  and i n o r g a n i c  s u l f u r  
( f i g .  74)  The s u l f u r  c o n t e n t  dec r ea se s  r a t h e r  r a p i d l y  i n  t h e  washed 
c o a l  a s  t h a t  p a r t  t h a t  i s  c o n c e n t r a t e d  i n  t h e  h e a v i e r  
minera l -mat te r - r ich  p o r t i o n  ( i n o r g a n i c  s u l f u r )  i s  removed, but  t hen  
t h e  curve  f l a t t e n s  because  t h e  l i g h t e r  c b a l  f r a c t i o n s  a l s o  c o n t a i n  
a p p r e c i a b l e  amounts of  s u l f u r  ( o r g a n i c  s u l f u r ) ,  

0 0  8 4 8 

20 40 fj0 80 

P e r c e n t  r e c o v e r y  
Dams C o o l  Speci f ic  g rov i t y  f r a c t i o n  

Davis Cool 

Fig .  69 - Germanium i n  s p e c i f i c  g r a v i t y  f r a c t i o n s  of a sample from the  
Davis Coal Member. L e f t :  washab i l i ty  curve, Right: d i s t r i b -  
ution of germanium i n  ind iv idua l  f r a c t i o n s ,  
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Percent recovery 
P~ t tsburgh  No 8 Seam, West Vlrglnla 

Speclf lc gravlty f roc t lon  
P~ i t sburgh  NO 8 Seam, West Vlrglnla 

Fig. 70 - Bromine i n  s p e c i f i c  g rav i ty  f r a c t i o n s  of a  sample from t h e  
P i t t sburgh  No. 8 coa l  from West Virginia.  Lef t :  washabi l i ty  
curve. Right: d i s t r i b u t i o n  of bromine i n  ind iv idua l  f r a c t i o n s .  

Percent recovery 
Blue Creek Seorn, Alabama 

S p e c ~ f ~ c  grovlty froct lon 
Blue Creek Seorn, Alabama 

Fig. 71 - Chromium i n  s p e c i f i c  g rav i ty  f r a c t i o n s  of a  sample from t h e  
Blue Creek coa l  from Alabama, Left :  washabi l i ty  curve, 
Right: d i s t r i b u t i o n  of chromium i n  ind iv idua l  f r a c t i o n s ,  
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Fig. 72 - Arsenic i n  s p e c i f i c  g r a v i t y  f r a c t i o n s  of a  sample from t h e  
Blue Creek coa l  from Alabama, Lef t :  washabi l i ty  curve, 
Right : d i s t r i b u t i o n  of a r s e n i c  i n  ind iv idua l  f r a c t i o n s ,  

1 ,  
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Percent recovery 

Pocohontos No 4 Seum, West V~rglnio 
Speclf~c grov~ty fract~on 

Pacohontos No 4 Seam, West V~rgmm 

Fig .  7 3  - Low-temperature a sh  i n  s p e c i f i c  g r a v i t y  f r a c t i o n s  of a  sample 
from t h e  Pocahontas No. 4 coa l  from West Vi rg in ia .  L e f t :  
washab i l i ty  curve.  Right:  d i s t r i b u t i o n  of low-temperature 
a sh  i n  ind iv idua l  f r a c t i o n s .  

SULFUR (total) 

c- 

Fig.  74 - Washabil i ty curve of s u l f u r  i n  
s p e c i f i c  g r a v i t y  f r a c t i o n s  of 
a  sample from t h e  Herrin ( N O ,  

6 ) Coal Member , 

0 o L--------,-a 
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Percent recovery 

Herrin (No. 6 )  Coal 



TRACE ELEMENTS I N  COAL 

O R G A N I C  AND I N O R G A N I C  AFFINITIES OF THE ELEMENTS 

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

Washabi l i ty  cu rve s  and h i s t og rams  o f  w a s h a b i l i t y  d a t a  a r e  
e f f e c t i v e  means of d e p i c t i n g  t h e  mode of  combinat ion o f  e lements  i n  
c o a l ;  t hey  i n d i c a t e  whether  t h e  e lements  a r e  a s s o c i a t e d  w i th  t h e  
o r g a n i c  o r  i n o r g a n i c  f r a c t i o n s  of t h e  c o a l .  However, more t han  350 
s e t s  o f  w a s h a b i l i t y  cu rve s  and h i s t og rams  would be needed t o  d i s p l a y  
t h e  w a s h a b i l i t y  d a t a  g iven  i n  t a b l e s  20 through 24. The re fo r e ,  we have 
a t t emp ted  t o  q u a n t i f y  t h e  i n fo rma t ion  p r e sen t ed  on t h e  cu rve s  and have 
produced a n  "o rgan i c  a f f i n i t y n  index.  

The concept  o f  an o r g a n i c  o r  i n o r g a n i c  a f f i n i t y  f o r  e lements  i n  
c o a l  i s  not  o r i g i n a l  i n  t h i s  r e p o r t .  D r .  V. M, Goldschmidt,  who 
p ioneered  modern i n v e s t i g a t i o n s  o f  t r a c e  e lements  i n  c o a l s ,  i d e n t i f i e d  
t r a c e  e lements  i n  i n o r g a n i c  combinat ion w i th  m i n e r a l s  i n  c o a l s ,  He 
a l s o  p o s t u l a t e d  t h e  occu r r ence  of me t a l  o rgan i c  complexes i n  c o a l ;  t h e  
observed  c o n c e n t r a t i o n s  of vanadium, molybdenum, and n i c k e l  were 
a t t r i b u t e d  t o  t h e  p r e sence  of  such  complexes (Goldschmidt ,  1935) .  

N i c h o l l s  (1968)  approached t h i s  problem by p l o t t i n g  t h e  
a n a l y t i c a l  d a t a  f o r  t h e  c o n c e n t r a t i o n  o f  a  s i n g l e  e lement  i n  c o a l  o r  
i n  c o a l  a s h  a g a i n s t  t h e  ash  c o n t e n t  o f  t h e  c o a l .  Diagrams d e p i c t i n g  a  
number of such p o i n t s  f o r  a  s i n g l e  c o a l  seam, o r  f o r  a  group of  c o a l  
seams i n  a  s i n g l e  geog raph i c  a r e a ,  were i n t e r p r e t e d  f o r  degree  o f  
i n o r g a n i c  o r  o r g a n i c  a f f i n i t y  o f  t h e  e lement ,  N i c h o l l s  concluded 
(1968, p. 283 ) :  

" , . .one  e l emen t ,  boron ,  i s  l a r g e l y ,  a lmos t  e n t i r e l y ,  
a s s o c i a t e d  wi th  t h e  o r g a n i c  f r a c t i o n  i n  c o a l s ;  some 
e lements ,  such a s  barium, chromium, c o b a l t ,  l e a d ,  s t r o n t i u m ,  
and vanadium a r e ,  i n  t h e  m a j o r i t y  o f  c a s e s ,  a s s o c i a t e d  wi th  
t h e  i n o r g a n i c  f r a c t i o n ;  and a  t h i r d  group i n c l u d i n g  n i c k e l ,  
g a l l i um,  germanium, molybdenum, and coppe r ,  may be 
a s s o c i a t e d  w i th  e i t h e r  o r  bo th  f r a c t i o n s . "  

N icho l l s  t hen  subdiv ided  t h e  t h i r d  group i n t o  n i c k e l  and copper ,  which 
a r e  i n  i n o r g a n i c  combinat ion when found i n  l a r g e  c o n c e n t r a t i o n s ,  and 
i n t o  ga l l i um,  germanium, and molybdenum, which a r e  l a r g e l y  i n  o r g a n i c  
combinat ion when found i n  l a r g e  c o n c e n t r a t i o n s ,  

Horton and Aubrey (1950)  handpicked pu re  v i t r a i n  samples  from 
c o a l s  and s e p a r a t e d  t h e  samples  i n t o  f i v e  d i f f e r e n t  s p e c i f i c  g r a v i t y  
f r a c t i o n s .  They t h e n  ana lyzed  t h e s e  f r a c t i o n s  f o r  16 minor e lements .  
They concluded t h a t  f o r  t h e  t h r e e  v i t r a i n s  t h a t  were s t u d i e d ,  
be ry l l i um,  germanium, vanadium, t i t a n i u m ,  and boron were c o n t r i b u t e d  
a lmos t  e n t i r e l y  by t h e  i n h e r e n t  ( o r g a n i c a l l y  combined) m ine ra l  m a t t e r  
and t h a t  manganese, phosphorus,  and t i n  were a s s o c i a t e d  wi th  t h e  
a d v e n t i t i o u s  ( i n o r g a n i c a l l y  combined) m ine ra l  m a t t e r ,  
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A much more a m b i t i o u s  s e r i e s  o f  i n v e s t i g a t i o n s  of t h e  
o r g a n i c - i n o r g a n i c  a f f i n i t i e s  o f  t r a c e  m e t a l s  i n  c o a l s  were u n d e r t a k e n  
and were r e p o r t e d  on by Zubovic and co-workers a t  t h e  U.S. G e o l o g i c a l  
Survey  (Zubovic ,  1960, 1966, 1976; and Zubovic e t  a l e ,  1960, 1961) .  I n  
t h e  more r e c e n t  o f  t h e s e  a r t i c l e s  Zubovic (1966 ,  1976) l i s t e d  t h e  
f o l l o w i n g  15 e l e m e n t s  i n  d e c r e a s i n g  o r d e r  of p e r c e n t  o r g a n i c  a f f i n i t y :  
Ge C87), Be (821 ,  Ga ( 7 9 1 ,  T i  (781 ,  B  (771 ,  V ( 7 6 1 ,  N i  (591, C r  (551 ,  
Co ( 5 3 ) ?  Y ( 5 3 ) ,  Mo (401 ,  Cu ( 3 4 1 ,  Sn ( 2 7 ) ,  La ( 3 ) ,  and Zn ( O ) ,  

Zubovic (1976,  p ,  5 0 )  t h e n  r e l a t e d  t h e  r a n k i n g  o f  t h e  e l e m e n t s  i n  
t h e  t a b l e  o f  o r g a n i c  a f f i n i t y  t o  t h e  complexing a b i l i t y  o f  t h e  m e t a l s  
w i t h  o r g a n i c  l i g a n d s ;  h e  s u g g e s t e d  t h a t  t h e  m e t a l s  h a v i n g  h i g h  o r g a n i c  
a f f i n i t i e s  i n  c o a l  a r e  p r e s e n t  a s  c h e l a t e s ,  

Huch, G l u s k o t e r ,  and Shimp (1974)  and G l u s k o t e r  (1975)  p u b l i s h e d  
t a b l e s  o f  o r g a n i c  a f f i n i t i e s  f o r  21 e l e m e n t s  de te rmined  on f o u r  
samples  o f  I l l i n o i s  c o a l s  t h a t  had been washed i n  t h e  l a b o r a t o r y ,  The 
e l e m e n t s  were  l i s t e d  i n  d e c r e a s i n g  o r d e r  o f  o r g a n i c  a f f i n i t y ,  b u t  
n u m e r i c a l  v a l u e s  were  n o t  g i v e n  f o r  t h e  index ,  The a n a l y t i c a l  r e s u l t s  
o n  which t h o s e  o r g a n i c  a f f i n i t i e s  were  based  a r e  i n c l u d e d  i n  t a b l e s  20 
t h r o u g h  24. W a s h a b i l i t y  d a t a  f o r  up t o  5 3  e l e m e n t s  and 10 c o a l  
p a r a m e t e r s  from f i v e  a d d i t i o n a l  c o a l s  a r e  a l s o  i n c l u d e d  i n  t h o s e  
t a b l e s ,  

C a l c u l a t i o n  o f  Organ ic  A f f i n i t i e s  

The w a s h a b i l i t y  d a t a  a r e  summarized i n  t a b l e  25 and n u m e r i c a l  
v a l u e s  f o r  o r g a n i c  a f f i n i t y  have been a s s i g n e d ,  The v a l u e  f o r  t h e  
o r g a n i c  a f f i n i t y  i n d e x  f o r  a  s p e c i f i c  e lement  i s  o b t a i n e d  by 
c a l c u l a t i n g  t h e  a r e a  benea th  t h e  w a s h a b i l i t y  c u r v e ,  T h i s  c a l c u l a t i o n  
i s  done on a  c u r v e  t h a t  h a s  been drawn t o  a  p r e d e t e r m i n e d  and c o n s t a n t  
s c a l e  ( n o r m a l i z e d )  and on a  c u r v e  which h a s  been a d j u s t e d  f o r  t h a t  
p a r t  o f  t h e  m i n e r a l  m a t t e r  t h a t  i s  i n s e p a r a b l e  from t h e  l i g h t e s t  c o a l  
f r a c t i o n .  

The c u r v e s  a r e  normal ized  by c a l c u l a t i n g  a  s c a l e  f a c t o r  t h e n  
m u l t i p l y i n g  t h e  o r d i n a t e  v a l u e s  by tha t  f a c t o r ,  The s c a l e  f a c t o r  i s  
o b t a i n e d  by d i v i d i n g  t h e  v a l u e  a t  100 p e r c e n t  r e c o v e r y  ( V )  by t h e  
number o f  c e n t i m e t e r s  i n  t h e  Y a x i s ,  V is  n o t  n e c e s s a r i l y  t h e  maximum 
v a l u e ,  A u n i t  a r e a  is o b t a i n e d  by d e t e r m i n i n g  t h e  a r e a  ( i n  s q u a r e  
c e n t i m e t e r s )  of t h e  s q u a r e  formed by t h e  p o i n t s  (O,O),  (O ,V) ,  
( 1 0 0 % , V ) ,  and ( 1 0 0 $ , 0 ) .  To n o r m a l i z e  t h e  c u r v e ,  t h e  a r e a  under  t h e  
c u r v e  is  d i v i d e d  by t h e  a r e a  o f  t h e  s q u a r e ,  

Examples o f  " s t a n d a r d 9 9 n d  f v a d j u s t e d 9 v  w a s h a b i l i t y  c u r v e s  a r e  
g i v e n  i n  f i g u r e s  75 ,  76 and 77,  These t h r e e  s e t s  o f  c u r v e s  were chosen  
t o  d e m o n s t r a t e  t h e  method o f  c a l c u l a t i n g  o r g a n i c  a f f i n i t i e s  and t o  
p r o v i d e  a  v i s u a l  b a s i s  f o r  comparison o f  t h e  n u m e r i c a l  v a l u e s  o f  
o r g a n i c  a f f i n i t i e s  i n  t a b l e  25. 
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Both unadjus ted  ( s t a n d a r d )  and a d j u s t e d ,  normalized w a s h a b i l i t y  
c u r v e s  f o r  z i n c  i n  a  sample o f  He r r i n  (No, 6 )  Coal a r e  g iven  i n  f i g u r e  
75. I n  t h e  s t a n d a r d  ( u n a d j u s t e d )  w a s h a b i l i t y  cu rve  t h e  e x t r a p o l a t e d  
o r d i n a t e  i n t e r c e p t  i s  approximate ly  4,5 ppm. The a d j u s t e d  curve  
i n t e r c e p t s  t h e  o r d i n a t e  a t  z e ro  and t h e  cu rve  r e a c h e s  t h e  z e r o  z i n c  
v a l u e  a t  approximate ly  90 pe r cen t  r e cove ry  (90 on t h e  a b s c i s s a ) ,  The 
a d j u s t e d  cumulat ive curve  was c o n s t r u c t e d  a f t e r  t h e  fo l l owing  v a l u e ,  
n F , l f  was s u b t r a c t e d  from each o f  t h e  5 datum p o i n t s  used  i n  t h e  
c a l c u l a t i o n  : 

F = L ~ ~ ( L ~ ~ ~ ~ )  x ~ ~ ( 1 . 6 0  s )  = - 6e10 x 250 ppm = 19.6  ppm 
~ ~ ~ ( 1 . 6 0  S )  77 . 80 

LTA ( ~ i ~ h t )  i s  percent low-temperature ash  i n  
t h e  l i g h t e s t  f l o a t  f r a c t i o n .  

LTA (1.60 S )  i s  percent low-temperature ash 
i n  1 .60  s ink f r a c t i o n .  

Zn (1 ,60  S )  i s  zinc concentra t ion i n  1.60 
s ink  f r a c t i o n  (ppm) 

I f  t h e  v a l u e  of a  datum p o i n t  is  nega t i ve  a f t e r  f fFw i s  s u b t r a c t e d  from 
t h e  r e p o r t e d  c o n c e n t r a t i o n ,  t h e  va lue  i s  then  t aken  t o  be zero .  

A f o u r t h  o r d e r  polynomial curve  i s  drawn t o  b e s t  f i t  t h e  d a t a  
p o i n t s  and t h e  a r e a  under  t h e  cu rve  i s  c a l c u l a t e d .  The e n t i r e  
normal ized  a r e a  of  t h e  graph is de f ined  a s  t h e  va lue  ,00 ,"  An 
e lement  which i s  removed, t o  any d e g r e e ,  from t h e  c l e a n  c o a l  f r a c t i o n  
by washing t h e  c o a l  ha s  a  va lue  l e s s  t han  1 ,00 ;  f o r  example, s e e  Zn i n  
f i g u r e  75. The o rgan i c  a f f i n i t y  of  z i n c  i n  t h a t  sample i s  O,O8, an  
ex t r eme ly  low v a l u e ,  i n d i c a t i n g  t h a t  t h e  element  i s  p r e s e n t  a lmos t  
e n t i r e l y  i n  t h e  mine ra l  ma t t e r  f r a c t i o n .  

ooC----, , , 8 , 7 ,  , 
20 40 60 80 

Percen t  r ecove ry  
H e r r ~ n  (No  61 C o o l  

0 0 
0 20 4 0 60 80 

P e r c e n l  r e c o v e r y  - o d l u s l e d  
He r r , "  (No  61 Coo l  

Fig. 75 - Washability curves f o r  zinc i n  s p e c i f i c  g rav i ty  f r a c t i o n s  of a 
sample from t h e  Herrin ( N O .  6 )  Coal Member. Lef t :  s tandard 
washabi l i ty  curve, Right: adjus ted  washabi l i ty  curve. 
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It is  p o s s i b l e  f o r  an element  t o  have an o r g a n i c  a f f i n i t y  g r e a t e r  
t h a n  1.00, a s  i n  t h e  ca se  f o r  bromine i n  a  sample o f  t h e  Blue Creek 
Coal from Alabama ( f i g .  76 ) .  Both s t a n d a r d  and a d j u s t e d  w a s h a b i l i t y  
c u r v e s  f o r  Br a r e  shown i n  f i g u r e  76, The l i g h t e r  s p e c i f i c  g r a v i t y  
f r a c t i o n s  o f  t h e  c o a l  c o n t a i n  l a r g e r  amounts of  b r  t han  t h e  h e a v i e r  
f r a c t i o n s  r i c h  i n  minera l -mat te r .  Bromine i s  an element  which 
g e n e r a l l y  h a s  a  h igh  o r g a n i c  a f f i n i t y  index-in t h i s  c a s e  1.20. 
S t anda rd  and a d j u s t e d  cu rves  a r e  n e a r l y  i d e n t i c a l ,  inasmuch a s  t h e r e  
i s  o n l y  a  minor c o n t r i b u t i o n  from t h e  i n s e p a r a b l e  m ine ra l  ma t t e r  t o  
t h e  t o t a l  bromine c o n t e n t ,  The o r g a n i c  a f f i n i t y  index  i s  an open-ended 
s c a l e .  The upper  l i m i t  i s  on ly  dependent  upon t h e  d i f f e r e n c e  between 
t h e  e x t r a p o l a t e d  Y i n t e r c e p t  and V ( t h e  c o n c e n t r a t i o n  of  t h e  element  
i n  t h e  c o a l  p r i o r  t o  washing) .  

A number o f  m e t a l s  have w a s h a b i l i t y  cu rve s  i n t e r m e d i a t e  between 
t h o s e  e lements  t h a t  a r e  g e n e r a l l y  c o n c e n t r a t e d  i n  t h e  i n o r g a n i c  
f r a c t i o n  (such a s  z i n c )  and t h o s e  t h a t  a r e  c o n c e n t r a t e d  i n  t h e  o r g a n i c  
f r a c t i o n  ( such  a s  bromine) ,  Washabi l i ty  cu rve s  f o r  coppe r ,  bo th  
s t a n d a r d  and a d j u s t e d ,  a r e  g iven  f o r  a  sample o f  c o a l  from t h e  Davis  
bed i n  I l l i n o i s  i n  f i g u r e  77,  The a d j u s t e d  curve  i n t e r s e c t s  t h e  
o r d i n a t e  a t  a  lower  va lue  t han  does t h e  s t a n d a r d  cu rve ,  But even w i th  
t h e  removal o f  a  h y p o t h e t i c a l  amount o f  copper  con t a ined  i n  t h e  
i n s e p a r a b l e  m i n e r a l  ma t t e r  t h e r e  i s  s t i l l  an a p p r e c i a b l e  amount o f  
copper  l e f t  i n  t h e  c l e a n e s t  c o a l  f r a c t i o n s .  The o r g a n i c  a f f i n i t y  o f  
copper  i n  t h i s  sample i s  0 ,56 ,  

Discuss ion  Organic  A f f i n i t i e s  

Organic  a f f i n i t i e s  f o r  most o f  t h e  de te rmined  e lements  a r e  g iven  
f o r  e i g h t  s e t s  of  washed c o a l  samples  i n  t a b l e  25, Four of  t h e  samples 
a r e  from t h e  I l l i n o i s  Bas in ,  t h r e e  a r e  from t h e  Appalach ians ,  and one 
i s  from Ar izona ,  One sample from t h e  I l l i n o i s  Basin i s  n o t  i nc luded  i n  
t h e  t a b l e  of  o r g a n i c  a f f i n i t i e s  ( t a b l e  25)  because t h e  sample was 
s e p a r a t e d  i n t o  on ly  two f r a c t i o n s ,  and o r g a n i c  a f f i n i t i e s  cou ld  n o t  be 
c a l c u l a t e d  on t h o s e  l i m i t e d  d a t a ,  

Organic  a f f i n i t i e s  have no t  been c a l c u l a t e d  f o r  a l l  o f  t h e  
e l emen t s  de te rmined  because  t h e  c o n c e n t r a t i o n s  o f  a  few e lements  i n  
some of  t h e  washed f r a c t i o n s  were below t h e  l i m i t s  o f  a c c u r a t e  
d e t e c t i o n .  The c o n c e n t r a t i o n s  o f  t h e  e l emen t s  i n  t h e  whole sample,  a s  
c a l c u l a t e d  from t h e  recombina t ion  of  t h e  c o n c e n t r a t i o n s  i n  t h e  washed 
f r a c t i o n s ,  a r e  a l s o  g iven  i n  t a b l e  25. 
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Fig. 76 - Washability curves for bromine in specific gravity fractions 
of a sample from the Blue Creek coal from Alabama. Left: 
standard washability curve. Right: adjusted washability curve. 
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Fig. 77 - Washability curves for copper in specific gravity fractions of 
a sample from the Davis Coal Member, Left: standard washability 
curve. Right: adjusted washability curve, 
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V a r i e t i e s  o f  s u l f u r  ( p y r i t i c  s u l f u r ,  o r g a n i c  s u l f u r ,  and s u l f a t e  
s u l f u r )  as w e l l  a s  t o t a l  s u l f u r  have been d e t e r m i n e d  on a l l  f r a c t i o n s  
o f  t h e  washed c o a l  samples .  Con ten t  o f  s u l f a t e  s u l f u r  is v e r y  low and 
g e n e r a l l y  does  n o t  make a  s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  t o t a l  s u l f u r  
c o n t e n t  of  a  f r e s h  c o a l  sample .  I f  t h e  a n a l y s e s  f o r  v a r i e t i e s  o f  
s u l f u r  were p r e c i s e  a n d  a c c u r a t e ,  i f  o u r  measurements o f  t h e  amount o f  
c o a l  i n  each  w a s h a b i l i t y  f r a c t i o n  were  a c c u r a t e ,  and i f  t h e  
measurements  o f  t h e  amount o f  low- tempera tu re  a s h  were a c c u r a t e ,  we 
would t h e n  e x p e c t  a  p e r f e c t  c o r r e l a t i o n  between o r g a n i c  a f f i n i t y  o f  
t o t a l  s u l f u r  and p e r c e n t  o f  o r g a n i c  s u l f u r  i n  t h e  t o t a l  s u l f u r .  T h i s  
r e l a t i o n s h i p  is shown f o r  e i g h t  c o a l s  i n  f i g u r e  78 .  The agreement  i s  
good and  i s  w e l l  w i t h i n  t h e  a n a l y t i c a l  e r r o r  f o r  d e t e r m i n i n g  t h o s e  
f a c t o r s  ment ioned above.  We were f o r t u n a t e  because  t h e  sample  s e t  
a n a l y z e d  h a s  a  wide r a n g e  o f  o r g a n i c  a f f i n i t i e s  f o r  t o t a l  s u l f u r  (0 .12  
t o  1 .08)  and t h e  o r g a n i c  s u l f u r  c o n t r i b u t i o n  t o  t h e  t o t a l  s u l f u r  
c o n t e n t  a l s o  h a s  a  wide r a n g e  (22  p e r c e n t  t o  92.5 p e r c e n t ) .  

Organic sulfur 

To ta l  sul fur  
X 100 

Fig. 78 - Organic a f f i n i t y  index f o r  t o t a l  s u l f u r  and r a t i o  of organic 
s u l f u r  t o  t o t a l  s u l f u r  i n  e igh t  washed coa l  samples. 
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On t h e  b a s i s  o f  t h e  c a l c u l a t e d  o r g a n i c  a f f i n i t i e s ,  t h e  e lements  
i n  each o f  t h e  e i g h t  samples  may be d i v i d e d  i n t o  f o u r  g roups :  o r g a n i c ,  
i n t e rmed ia t e -o rgan i c ,  i n t e r m e d i a t e - i n o r g a n i c ,  and i n o r g a n i c .  They a r e  
l i s t e d  i n  t h e s e  groups  i n  t a b l e  26, The e lements  were p l aced  i n  t h e s e  
groups  i n  a  somewhat a r b i t r a r y  manner and n o t  s t r i c t l y  on t h e  b a s i s  o f  
t h e  v a l u e  f o r  o r g a n i c  a f f i n i t y .  The a c t u a l  va lue s  t h a t  l i e  immediately 
above and below t h e  c u t o f f  p o i n t s  f o r  t h e  d i f f e r e n t  c a t a g o r i e s  a r e  
shown. I n  g e n e r a l ,  t h e  g roups  a r e  d iv i ded  a s  f o l l ows :  o r g a n i c ,  g r e a t e r  
t h a n  0.67; i n t e rmed ia t e -o rgan i c ,  0 , 50  through 0.66; i n t e rmed ia t e -  
i n o r g a n i c ,  0.34 through 0 ,49 ;  and i n o r g a n i c ,  l e s s  t han  0.33. 

The f o u r  c o a l s  from t h e  I l l i n o i s  Basin a r e  much more s i m i l a r  t o  
each o t h e r  w i t h  r ega rd  t o  o r g a n i c  a f f i n i t i e s  t han  t hey  a r e  s i m i l a r  t o  
t h e  c o a l s  from o t h e r  a r e a s .  The fo l l owing  a r e  g e n e r a l i z a t i o n s  a p p l i -  
c a b l e  t o  t h e  f o u r  samples  o f  I l l i n o i s  c o a l s :  

1 ,  Ge, Be, B, and Sb a r e  c l a s s i f i e d  w i t h i n  t h e  o r g a n i c  
group i n  a l l  samples .  

2 ,  Ge ha s  t h e  h i g h e s t  o r g a n i c  a f f i n i t y  i n  each c a s e ,  

3. Zn, Cd, Mn, A s ,  Mo, and Fe a r e  i n  t h e  i n o r g a n i c  
group i n  a l l  f o u r  samples ,  

4, Zn and A s  have c o n s i s t e n t l y  t h e  lowes t  v a l u e s  
observed (0.08 t o  0 .09) .  

5. A number o f  m e t a l s  i n c l u d i n g  Co, N i ,  Cu, C r ,  and Se 
a r e  i n t e r m e d i a t e  i n  va lue ,  This  c h a r a c t e r i s t i c  s u g g e s t s  a  
p a r t i a l  c o n t r i b u t i o n  from s u l f i d e  m i n e r a l s  i n  t h e  c o a l ,  bu t  
a l s o  s u g g e s t s  t h e  p r e sence  of  o rganome ta l l i c  compounds t h a t  
c o n t a i n  t h e s e  e l emen t s ,  o r  t h e  p r e sence  of  c h e l a t e d  s p e c i e s  
and /or  adsorbed  c a t i o n s ,  

The number of g e n e r a l i z a t i o n s  d e c r e a s e s  when o r g a n i c  a f f i n i t i e s  
from t h e  t h r e e  c o a l s  from Appalachia  and t h e  one c o a l  from Arizona a r e  
cons ide r ed .  

1. Be, Ge, and B a r e  among t h e  e lements  w i th  h i g h e r  
o rgan i c  a f f i n i t y  i n  most o f  t h e  c a s e s ,  However, Ge ha s  an 
o rgan i c  a f f i n i t y  o f  0.10 (ve ry  i n o r g a n i c )  i n  t h e  sample from 
Arizona and B i s  r e l a t i v e l y  i n o r g a n i c a l l y  combined i n  t h e  
sample from Alabama ( o r g a n i c  a f f i n i t y  = 0.32) .  

2 ,  Bromine was determined i n  one sample o f  t h e  H e r r i n  
(No. 6 )  Coal from I l l i n o i s  and i n  t h e  f o u r  samples from 
o u t s i d e  t h e  I l l i n o i s  Basin.  The o r g a n i c  a f f i n i t y  f o r  Br was 
p l aced  i n  t h e  "organ ic f1  group i n  a l l  f i v e  c o a l s .  

(Text continued on page 120) 
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TABLE 25-ORGANIC AFFINITY OF PARAMETER DETERMINED 
IN LABORATORY-PREPARED WASHED COAL SAMPLES 

Float-Sink Se t  1 Float-Sink Set  2 Float-Sink Se t  3 Float-Sink Se t  4 

.............................................................................................. 
NOTE : "R" - ranking of parameter by organic a f f i n i t y .  

11 - ca l cu l a t ed  organic a f f i n i t y .  
"C" - concent ra t ion  of parameter a t  100 percent  recovery ( a  calcu-  

l a t e d  raw coa l  bas i s  ) . 
See t a b l e  1 f o r  o ther  abbrev ia t ions .  
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TABLE 25-Concluded 

Floa t -S ink  S e t  5 F loa t -S ink  S e t  6 F loa t -S ink  S e t  8 Floa t -S ink  S e t  9 

A s  
B 
Ba 
Be 
B r  
C d 
C e 
Co 
Cr 
C s 
C u 
D Y 
Eu 
Ga 
G e 
h f 
hg 
La 
L u 
Mn 
Mo 
N i 
P 
P b  
Rb 
S b  
s c 
S e 
Srn 
Sn 
S r  
Ta 
T b  
Th 
U 
v 
W 
Y b 
Zn 
Z r 
A1 
Ca 
F e 
K 
Mg 
Na 
S i 
T i  
T OS 
LTA 

........................................................................................... 
NOTE : "R" - ranking of parameter by organic a f f i n i t y .  

"A" - calcula ted  organic a f f i n i t y  . 
II Cll - concentrat ion of parameter a t  100 percent  recovery ( a  calcu- 

l a t ed  raw coal  b a s i s . )  
See t a b l e  1 f o r  other abbreviat ions.  
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TABLE 26-ORGANIC AFFINITY OF ELEDIENTS I N  LABORATORY- 

PREPARED TrTASHED COAL SAMPLES 

Float-Sink Set I Float-Sink Set 2 Float-Sink Set 3 Float-Sink Set 4 

Organic 

Intermediate-Organic 

Intermediate-Inorganic 

Pb 
Se 
A1 
Si 
Me; 
LTA 
Sn 
Ba 
Ga 
Cd 
Sr 
Ce 
Fe 
Mn 
As 
La 
P 
Zn 
Ca 

.28 Ta 
B 
Ca 
Zn 
Na 
LTA 
Si 
K 
Mg 
C s 
Rb 
Mn 
As 

.33 Hg 
Ti 
Ta 
Th 
Hf 
A1 
Z r 
LTA 
C s 
Rb 
Si 
K 
As 

.32 Yb .33 
A1 
Fe 
Hf 
Lu 
Zr 
As 
Ta 
Th 
LTA 
Rb 
K 
Si 
CS 
Ti 

Inorganic 
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TABLE 26-concluded 

Float-Sink Set 5 Float-Sink Set 6 Float-Sink Set 8 Float-Sink Set 9 

Organic 

Intermediate-Organic 

Intermediate-Inorganic 

Zr 
L T A  
S 
A s  
Cd 
Hg 
Mo 
Pb 
Z n 
Fe 

P .18 
Ti 
Fe 
Z r 
K 
L T A  
A 1  
Si 
A s  
Pb 
Cd 
Mn 
Zn 
Ca 

Inorganic 

NOTE: Grouped in 4 catagories: organic, intermediate-organic, intermediate- 

inorganic, inorganic. Values for the indices of organic affinity sep- 

arating classes are indicated. 
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3. Arsen ic  i s  t h e  on ly  one o f  t h e  u s u a l l y  i n o r g a n i c  
e lements  t h a t  was c l a s s i f i e d  i n  t h e  i n o r g a n i c  group i n  a l l  
of t h e  c o a l  samples  s t u d i e d ,  

4, Cesium was n o t  determined i n  a l l  samples ,  However, 
cesium was among t h e  e lements  wi th  t h e  lowes t  o r g a n i c  
a f f i n i t i e s  i n  f o u r  of f i v e  samples  i n  which i t  was 
determined.  It was i n  t h e  i n t e rmed ia t e -o rgan i c  group i n  t h e  
f i f t h  sample. 

59 Uranium was c l a s s e d  among t h e  o r g a n i c  e lements  i n  
t h r e e  o f  t h e  f i v e  washed c o a l  samples i n  which i t  was 
de te rmined  and was i n  t h e  i n t e r m e d i a t e  c a t e g o r i e s  i n  t h e  
remaining two s e t s .  

The observed  r e l a t i o n s h i p s  of  t h e  e l emen t s ,  a s  expressed  by t h e i r  
o r g a n i c  a f f i n i t i e s ,  have n o t  sugges ted  any geochemical anomalies .  The 
e l emen t s  grouped a s  q v o r g a n i c v h r e  t h o s e  t h a t  a r e  o f t e n  found i n  
o r g a n i c  combinat ion i n  n a t u r a l  m a t e r i a l s .  These e lements  i n c l u d e  
s e v e r a l  t h a t  have been i d e n t i f i e d  i n  o r g a n i c  combinat ion i n  c o a l s  by 
p r e v i o u s  workers  (Horton and Abernathy,  1950; Ratynskiy e t  a l e ,  1966; 
Zubovic,  1966, 1976) ,  Also ,  a  number of  e lements  t h a t  have n o t  
g e n e r a l l y  been determined on c o a l  samples i n  t h e  p a s t  have been 
de te rmined ,  r e p o r t e d  upon, and a r e  i nc luded  i n  t h e  t a b l e  o f  o r g a n i c  
a f f i n i t i e s .  Examples o f  such  e lements  i n c l u d e  t h e  l a n t h a n i d e s  and t h e  
r a r e  e a r t h s ,  

The e lements  grouped a s  w ino rgan i cv '  a r e  t h o s e  t h a t  have been 
i d e n t i f i e d  i n  c o a l s  i n  d i s c r e t e  m ine ra l  phases:  A s ,  Zn, Cd, and Fe ,  a s  
s u l f i d e s ;  and Mn, i n  c a r b o n a t e s ,  Although C s  ha s  n o t  been i d e n t i f i e d  
d i r e c t l y  i n  c o a l ,  i t  i s  g e n e r a l l y  r e a d i l y  adsorbed i n  t h e  atomic 
l a t t i c e  of c l a y  m i n e r a l s  and presumably i s  p r e s e n t  i n  t h e  c o a l s  i n  
t h i s  manner. 

It is  s i g n i f i c a n t  t h a t  we cannot  make many g e n e r a l i z a t i o n s  on t h e  
b a s i s  o f  t h e  a n a l y s e s  of  e i g h t  c o a l s  from t h e  t h r e e  widely s e p a r a t e d  
a r e a s :  t h e  Appalachian Bas in ,  t h e  I l l i n o i s  Bas in ,  and Arizona,  I f  
i n fo rma t ion  i s  d e s i r e d  on t h e  mode of  occu r r ence  of  e lements  i n  a  
p a r t i c u l a r  c o a l  sample,  i t  w i l l  p robably  be nece s sa ry  t o  s e p a r a t e  t h a t  
c o a l  i n t o  s p e c i f i c  g r a v i t y  f r a c t i o n s  and t o  ana lyze  i t  f o r  t h o s e  
e l emen t s ,  o r  t o  o the rw i se  make t h o s e  d e t e r m i n a t i o n s ,  On t h e  b a s i s  o f  
t h e  f i v e  s e t s  o f  w a s h a b i l i t y  samples  ana lyzed  from I l l i n o i s ,  an 
e s t i m a t e  of t h e  o r g a n i c  and i n o r g a n i c  a f f i n i t i e s  o f  t h e  e lements  i n  
o t h e r  c o a l s  from t h e  I l l i n o i s  Basin i s  l i k e l y  t o  be more a c c u r a t e  t han  
a  s i m i l a r  e s t i m a t e  made on c o a l s  from o u t s i d e  o f  t h e  a r e a ,  

Although an element  may be l i s t e d  among t h o s e  w i th  t h e  h i g h e s t  
o r g a n i c  a f f i n i t i e s ,  i ts  occu r r ence  i n  i n o r g a n i c  combinat ion i n  c o a l s  
i s  no t  p rec luded ,  Boron, which i s  among t h o s e  found i n  h igh  
c o n c e n t r a t i o n s  i n  t h e  c l e a n e s t  c o a l  f r a c t i o n s ,  i s  known t o  occu r  i n  
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anoun t s  up t o  200 ppm i n  t h e  c l a y  mine ra l  i l l i t e  from I l l i n o i s  c o a l s  
(Bohor and G lusko t e r ,  1973) .  S i m i l a r l y ,  a  p o r t i o n  of  t h o s e  e lements  
u s u a l l y  c o n c e n t r a t e d  i n  t h e  h igh  s p e c i f i c  g r a v i t y  f r a c t i o n s  (low 
o r g a n i c  a f f i n i t y )  may a l s o  be  i n  o r g a n i c  combina t ion ,  

Concent ra t ion  o f  an element i n  t h e  h e a v i e r  f r a c t i o n s  shows t h a t  
e lement  t o  be i n  i n o r g a n i c  combinat ion.  I n  t h e  c a s e s  i n  which t h e  
f i n a l  s e p a r a t i o n  was done i n  bromoform (2.89 s . g . ) ,  we can p o s t u l a t e  
f u r t h e r  on t h e  mode o f  occu r r ence  o f  c e r t a i n  e lements .  S i ,  T i ,  A l ,  and 
K a r e  concen t r a t ed  i n  t h e  g r a v i t y  f r a c t i o n  from 1.60 t o  2.89 and a r e  
l e s s  abundant i n  t h e  g r a v i t y  f r a c t i o n  g r e a t e r  t han  2.89. These 
e lements  a r e  found a s s o c i a t e d  with each o t h e r  i n  t h e  c l a y  m i n e r a l s ,  
b u t  no t  i n  t h e  h e a v i e r  s u l f i d e  mine ra l s .  

SUMMARY AND CONCLUSIONS 

Extens ive  chemical  a n a l y s e s  on 172 "whole c o a l  s amp le sw ,  40 
"benchrt samples and 64 "washedfq c o a l  samples  have been done a t  t h e  
I l l i n o i s  S t a t e  Geo log i ca l  Survey. A s  many a s  71 d e t e r m i n a t i o n s  have 
been made on a  s i n g l e  sample, A n a l y t i c a l  methods used were: a tomic  
a b s o r p t i o n  spec t ro scopy  ( f lame and g r a p h i t e  f u r n a c e ) ,  neu t ron  
a c t i v a t i o n  a n a l y s e s  ( i n s t r u m e n t a l  and wi th  rad io-chemica l  
s e p a r a t i o n s )  , o p t i c a l  emiss ion  spec t rome t ry  ( d i r e c t  r e a d e r  and 
pho tog raph i c ) ,  X-ray f l u o r e s c e n c e  sp ec t rome t ry  (wavelength d i s p e r s i v e  
and energy  d i s p e r s i v e ) ,  and i o n  s e l e c t i v e  e l e c t r o d e  a n a l y s e s ,  
D i scus s ions  o f  t h e  a n a l y t i c a l  methods a r e  g iven  i n  t h e  Appendix. 

Chemical e lements  determined a r e  A l ,  Sb ,  A s ,  Ba, Be, B, B r ,  Cd, 
Ca, C ,  Ce, C s ,  C 1 ,  C r ,  Co, Cu, Dy, Eu, F ,  Ga, Ge, Au, H f ,  H, I n ,  I, 
Pe ,  La, Pb, Lu, Mg, Mn, Hg, Mo, N i ,  N, 0 ,  P ,  K ,  Rb, Sm, S c ,  S e ,  S i ,  
Ag, Na, S r ,  S ,  Ta,  Tb,  T1, Th, Sn ,  T i ,  W ,  U ,  V ,  Yb, Zn, and Z r ,  Normal 
c o a l  parameters  r e p o r t e d  on t h e  samples  a r e  m o i s t u r e ,  low-temperature  
a s h ,  h igh- tempera ture  a s h ,  t o t a l  s u l f u r ,  s u l f a t e  s u l f u r ,  o r g a n i c  
s u l f u r ,  p y r i t i c  s u l f u r ,  c a l o r i f i c  v a l u e ,  f r e e - swe l l i ng  i ndex ,  G i e s e l e r  
p l a s t i c i t y ,  water  s o l u b l e  c h l o r i n e ,  proximate a n a l y s e s ,  and u l t i m a t e  
a n a l y s e s  , 

Of t h e  172 whole c o a l  samples  ana lyzed ,  114 a r e  from t h e  I l l i n o i s  
Ba s in ,  29 a r e  from c o a l  a r e a s  i n  wes te rn  United S t a t e s ,  23 a r e  from 
e a s t e r n  (Appalachian)  c o a l  f i e l d s ,  4  a r e  from midcont inen t  c o a l s ,  and 
t h e  remaining two a r e  "s tandardqq  c o a l  samples .  S t a t i s t i c a l  a n a l y s e s  o f  
t h e  chemical  d a t a  e l i c i t e d  a  number o f  o b s e r v a t i o n s  i n c l u d i n g  t h e  
fo l l owing  : 

I ,  Elements  t h a t  have r e l a t i v e l y  l a r g e  r anges  i n  
c o n c e n t r a t i o n  and t h a t  have s t a n d a r d  d e v i a t i o n s  l a r g e r  t han  
t h e  a r i t h m e t i c  means ( f o r  example, A s ,  Ba, Cd, I ,  Pb, Sb ,  
and Zn) i n c l u d e  t h o s e  t h a t  a r e  found i n  c o a l s  w i t h i n  s u l f a t e  
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and s u l f i d e  m i n e r a l s  o r  t h o s e  t h a t  would be  expec t ed  t o  be  
found i n  t h a t  a s s o c i a t i o n ,  Elements t h a t  occur  i n  o r g a n i c  
combinat ion o r  t h a t  a r e  con t a ined  w i t h i n  t h e  s i l i c a t e  
m i n e r a l s  have narrow r anges  and s m a l l e r  s t a n d a r d  d e v i a t i o n s ,  
Many o f  t h e  s i l i c a t e  m i n e r a l s  a r e  thought  t o  be emplaced i n  
t h e  c o a l  ve ry  e a r l y  i n  t h e  pe r i od  o f  c o a l  fo rmat ion  a s  
d e t r i t a l  o r  a s  s y n g e n e t i c  m i n e r a l s ,  The s u l f i d e s  and some 
s u l f a t e s ,  a l though  s y n g e n e t i c  i n  p a r t ,  have a  major p o r t i o n  
emplaced i n  t h e  c o a l  by e p i g e n e t i c  m i n e r a l i z a t i o n ,  

2,  I n  g e n e r a l ,  e l emen ta l  c o n c e n t r a t i o n s  t e n d  t o  be 
h i g h e s t  i n  c o a l s  from e a s t e r n  United S t a t e s ,  lowes t  i n  c o a l s  
from wes te rn  United S t a t e s ,  and i n t e r m e d i a t e  i n  v a l u e  i n  
c o a l s  from t h e  I l l i n o i s  Bas in ,  

3, Many e lements  a r e  p o s i t i v e l y  c o r r e l a t e d  w i th  each  
o t h e r  i n  c o a l s ,  The most h i g h l y  c o r r e l a t e d  a r e  Zn:Cd ( r  = 
0 ,94  f o r  c o a l s  o f  t h e  I l l i n o i s  Bas in ) .  Cha lcophi le  e lements  
( A s ,  Co, N i ,  P b ,  and S b )  a r e  a l l  mu tua l l y  c o r r e l a t e d ,  a s  a r e  
t h e  l i t h o p h i l e  e lements  ( S i ,  T i ,  A l ,  and K ) ,  O the r  
s i g n i f i c a n t  c o r r e l a t i o n s  a r e  Ca:Mn ( r  = 0 , 6 5 )  and Na:Cl ( r  
0 , 4 8 ) ,  

The average  c o n c e n t r a t i o n  o f  an element i n  t h e  e a r t h ' s  c r u s t  i s  
i t s  c l a r k e  va lue .  The geomet r ic  mean va lue  f o r  each minor and t r a c e  
element  was compared t o  t h e  c l a r k e  f o r  t h a t  e lement ,  Only f o u r  o f  t h e  
e l emen t s  de te rmined  were e n r i c h e d  i n  t h e  c o a l s  by a  f a c t o r  of  s i x  o r  
more r e l a t i v e  t o  t h e  c l a r k e ,  Boron, c h l o r i n e ,  and se len ium a r e  
e n r i c h e d  i n  c o a l s  o f  t h e  I l l i n o i s  Bas in ;  a r s e n i c ,  c h l o r i n e ,  and 
s e l en ium a r e  en r i ched  i n  c o a l s  of e a s t e r n  United S t a t e s ;  and selenium 
i s  t h e  o n l y  element  en r i ched  i n  c o a l s  of  wes te rn  United S t a t e s .  

The enrichment  o f  se len ium i n  c o a l s  may r e p r e s e n t  a  c o n t r i b u t i o n  
from t h e  p l a n t s  t h a t  formed t h e  c o a l .  Selenium occu r s  i n  amounts w e l l  
i n  exce s s  o f  t h e  c l a r k e  i n  a l l  c o a l s  ana lyzed  and h a s  been r e p o r t e d  i n  
l i k e  amounts i n  modern p e a t s .  Boron h a s  been used a s  an i n d i c a t o r  of  
p a l e o s a l i n i t y  i n  sed imentary  r o c k s ,  It i s  c o n c e n t r a t e d  r e l a t i v e  t o  t h e  
c l a r k e  o n l y  i n  t h e  c o a l s  of t h e  I l l i n o i s  Basin and probably  r e p r e s e n t s  
a  h i g h e r  s a l i n i t y  o f  t h e  w a t e r s  i n  t h e  c o a l  swamp o r  o f  t h e  w a t e r s  
t h a t  covered t h e  p e a t  a s  t h e  swamp was drowned, 

Only fou r  e l emen t s  were found t o  be e n r i c h e d  i n  c o a l  by a  f a c t o r  
of s i x  t i m e s  t h e  c l a r k e  o r  g r e a t e r ,  A l a r g e r  number of e lements  a r e  
d e p l e t e d  i n  c o a l s  ( one - s ix th  t h e  c l a r k e  va lue  o r  l e s s ) ,  Those e lements  
d e p l e t e d  i n  c o a l s  of  t h e  I l l i n o i s  Bas in  a r e :  A l ,  Ca, C r ,  F ,  Hf, K ,  Lu, 
Mg, Mn, & a ,  P ,  S c ,  S i ,  S r ,  Ta ,  and T1, A l l  o f  t h e  o t h e r  e lements  
de te rmined  a r e  w i t h i n  t h e  range  o f  one - s ix th  t o  s i x  t i m e s  t h e  c l a r k e ,  

A s e r i e s  o f  f i v e  sample s e t s  (40  samples )  was c o l l e c t e d  by 
sampling t h e  c o a l  seam i n  v e r t i c a l  segments o r  benches,  A l l  f i v e  o f  
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t h e  bench s e t s  were from t h e  He r r i n  (No. 6 )  Coal Member i n  I l l i n o i s ,  
Elemental  d i s t r i b u t i o n s  were q u i t e  v a r i a b l e  w i t h i n  bench s e t s ,  
a l t hough  t h e  r a r e  e a r t h  e lements  and bromine tended  t o  be  more 
un i formly  concen t r a t ed .  

Elements o f t e n  concen t r a t ed  i n  t h e  t o p  o r  bottom benches o f  t h e  
c o a l  i n c l u d e  U, Mo, V, S b ,  and Ge, The c o n c e n t r a t i o n  o f  Ge i n  t h e  t o p  
and bottom benches of f o u r  of t h e  f i v e  bench s e t s  ana lyzed  is  
s t r i k i n g ,  T h i s  c o n c e n t r a t i o n  and t h e  demons t ra ted  a f f i n i t y  of  
germanium f o r  t h e  o r g a n i c  p o r t i o n  o f  t h e  c o a l  sugges t  t h a t  t h e  
germanium was i n t r o d u c e d  i n t o  t h e  c o a l  seam a f t e r  b u r i a l  by 
c i r c u l a t i n g  s o l u t i o n s .  Those s o l u t i o n s  were n e c e s s a r i l y  i n  c o n t a c t  
w i t h  t h e  h o r i z o n t a l  boundar ies  o f  t h e  c o a l  seam be fo re  t h e  c e n t e r  
p a r t s  o f  t h e  seam; t h e  change i n  geochemical  c o n d i t i o n s  a t  t h o s e  
bounda r i e s  a l lowed f o r  t h e  a s s i m i l a t i o n  o f  t h e  germanium by t h e  c o a l ,  

Rock u n i t s  immediately a s s o c i a t e d  wi th  t h e  c o a l s  ( r o o f  s h a l e s ,  
unde rc l ays ,  and p a r t i n g s )  were ana lyzed  wi th  some o f  t h e  bench s e t s .  
Most e lements  a r e  found i n  s i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t i o n s  i n  
t h e s e  rock u n i t s  t han  i n  t h e  c o a l s .  Those e l emen t s  i n c l u d e :  Ag, Ba, 
Cd, Co, C r ,  C s ,  Cu, F ,  Ga, Hf, La, Mn, S c ,  S e ,  Sm, S r ,  Th, V, Yb, Z r ,  
K ,  Mg, S i ,  Na, and most of  t h e  r a r e  e a r t h  e lements .  

Nine c o a l  samples  were s e p a r a t e d  i n t o  s p e c i f i c  g r a v i t y  f r a c t i o n s  
(washed) and were ana lyzed  f o r  most o f  t h e  major ,  minor,  and t r a c e  
e l emen t s ,  a s  were t h e  172 whole c o a l s .  A t o t a l  o f  64 washed samples  
were s t u d i e d .  Five o f  t h e  washed c o a l s  were from t h e  I l l i n o i s  Bas in ,  
t h r e e  were from widely s e p a r a t e d  a r e a s  i n  e a s t e r n  c o a l  f i e l d s ,  and one 
was from Arizona.  The f l o a t - s i n k  o r  w a s h a b i l i t y  d a t a  f o r  t h e  e lements  
may be  shown a s  w a s h a b i l i t y  cu rve s  and a s  h i s tograms .  The mode o f  
occu r r ence  of an e lement ,  whether  i t  i s  i n o r g a n i c a l l y  o r  o r g a n i c a l l y  
combined i n  t h e  c o a l ,  may be i n t e r p r e t e d  from t h e  w a s h a b i l i t y  cu rve s ,  

A v a l u e  f o r  t h e  o r g a n i c  a f f i n i t y  o f  t h e  e l emen t s  ha s  been de f i ned  
by no rma l i z ing  t h e  w a s h a b i l i t y  c u r v e s ,  removing from them a component 
t h a t  r e p r e s e n t s  t h e  c o n t r i b u t i o n  from t h e  i n s e p a r a b l e  m ine ra l  m a t t e r ,  
and t h e n  c a l c u l a t i n g  t h e  a r e a  under t h e  w a s h a b i l i t y  cu rve ,  This  va lue  
r a n g e s  from 0.08 t o  2 ,02 f o r  t h e  e lements  de te rmined  i n  t h e  c o a l s  
ana lyzed .  

Elements w i t h i n  a  s i n g l e  washed c o a l  s e t  o f  a n a l y s e s  a r e  p l aced  
i n  one of  t h e  fo l l owing  f o u r  groups:  1 )  o r g a n i c ,  2 )  
i n t e rmed ia t e -o rgan i c ,  3 )  i n t e r m e d i a t e - i n o r g a n i c ,  and 4 )  i n o r g a n i c ,  The 
f o u r  samples  from t h e  I l l i n o i s  Basin on which t h e s e  o r g a n i c  a f f i n i t i e s  
were c a l c u l a t e d  a r e  q u i t e  s i m i l a r  t o  one a n o t h e r ;  s e v e r a l  
g e n e r a l i z a t i o n s  can  be made from them: 

1, Ge, Be, B,  and Sb a r e  c l a s s i f i e d  i n  t h e  o r g a n i c  
group i n  a l l  samples;  Ge has  t h e  h i g h e s t  o r g a n i c  a f f i n i t y  i n  
a l l  f o u r  i n s t a n c e s .  
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2. Zn, Cd, Mn, A s ,  Mo, and Fe a r e  i n  t h e  i n o r g a n i c  , 

group i n  a l l  f o u r  samples;  Zn and A s  c o n s i s t e n t l y  have t h e  
lowes t  va lue s .  

3. A number o f  m e t a l s  i n c l u d i n g  Co, N i ,  Cu', C r ,  and S e ,  
have o rgan i c  a f f i n i t i e s  t h a t  p l a c e  them i n  t h e  i n t e r m e d i a t e  
c a t e g o r i e s .  Th i s  s u g g e s t s  t h a t  t h e s e  m e t a l s  a r e  p r e s e n t  i n  
c o a l s  a s  o rganome ta l l i c  compounds, c h e l a t e d  s p e c i e s ,  o r  a s  
adsorbed c a t i o n s ,  

The number of g e n e r a l i z a t i o n s  t h a t  can be drawn d e c r e a s e s  when 
o r g a n i c  a f f i n i t i e s  o f  c o a l s  from o t h e r  p a r t s  of t h e  United S t a t e s  a r e  
cons ide r ed ,  However, Ge, B ,  and B r  g e n e r a l l y  a r e  among t h e  e lements  
w i th  t h e  h i g h e s t  o r g a n i c  a f f i n i t i e s .  Arsen ic ,  i n  a l l  c a s e s ,  i s  among 
t h e  e lements  w i t h  t h e  lowes t  o r g a n i c  a f f i n i t i e s .  The v a r i a b i l i t y  i n  
o r g a n i c  a f f i n i t i e s  between c o a l s  o f  e a s t e r n  United S t a t e s ,  wes te rn  
United S t a t e s ,  and t h e  I l l i n o i s  Basin is  s u f f i c i e n t l y  l a r g e  t h a t  a  
p r e d i c t i o n  of  t h e  va lue  o f  o r g a n i c  a f f i n i t y  of  an element  i n  a  sample 
t h a t  is  y e t  t o  b e  ana lyzed  is ,  very  l i k e l y ,  imprec i s e ,  

The s t a t i s t i c a l  a n a l y s e s  o f  t h e  chemical  a n a l y t i c a l  d a t a  t h a t  a r e  
g i v e n  h e r e  and t h e  o b s e r v a t i o n s  made a r e  a  f i r s t  s t e p  i n  t h e  complete  
geochemical  a n a l y s e s  o f  t h o s e  d a t a .  C u r r e n t l y  i n  p rog re s s  a r e  f u r t h e r  
s t a t i s t i c a l  a n a l y s e s ,  a r e a l  and s t r a t i g r a p h i c  mapping o f  t h e  
d i s t r i b u t i o n  o f  t h e  e lements ,  and c o r r e l a t i o n  of  t h e  e l emen ta l  
d i s t r i b u t i o n s  w i th  mine ra l  ma t t e r  a n a l y s e s  and o t h e r  g e o l o g i c a l  
f e a t u r e s  o f  t h e  c o a l  b a s i n .  
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METHODS 0b ANALYSIS 

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

The methods used i n  t h i s  p r o j e c t  were 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 A A )  , neu t ron  a c t i v a t i o n  a n a l y s i s  w i th  
r ad iochemica l  s e p a r a t i o n  (NAA-RC), o p t i c a l  emiss ion  spec t rochemica l  
a n a l y s i s - - d i r e c t  r e a d i n g  (OE-DR) and pho tog raph i c  (OE-P) , a tomic  
a b s o r p t i o n  ana lys i s - - f lame (AA) and g r a p h i t e  f u rnace  (AA-G), X-ray 
f l u o r e s c e n c e  a n a l y s i s  (XRF), and i o n - s e l e c t i v e  e l e c t r o d e  ( ISE) .  

Methods developed and used i n  t h e  i n i t i a l  p r o j e c t  (EPA 
68-02-0246) were d e t a i l e d  i n  t h e  r e p o r t s  made on t h a t  p r o j e c t  (Ruch e t  
a l , ,  1973, 1974).  I n  g e n e r a l ,  t h e  same mult i -e lement  method approach  
was cont inued  wi th  r e f i nemen t s  and s u b s t i t u t i o n s  i n  most a n a l y t i c a l  
d i s c i p l i n e s .  

I n  p a r t i c u l a r ,  f o r  I N A A  a  new h i g h e r  r e s o l u t i o n  Ge(Li)  d e t e c t o r ,  
coupled  wi th  a  4096-channel a n a l y z e r  system, r ep l aced  t h e  NaI(T1) 
d e t e c t o r  and 400-channel a n a l y z e r ,  T h i s  g r e a t l y  i n c r e a s e d  t h e  scope 
and c a p a b i l i t y  of  N A A  f o r  t h e  a n a l y s i s  o f  c o a l  and coa l -der ived  
m a t e r i a l s  f o r  t r a c e  e lements ,  and fewer rad iochemica l  s e p a r a t i o n  
p rocedu re s  were r e q u i r e d .  

Both emission spec t rochemica l  p rocedures  were updated and r e f i n e d  
th rough  f u r t h e r  o p t i m i z a t i o n  o f  exposure t i m e s ,  p r e p a r a t i o n  o f  more 
s u i t a b l e  s t a n d a r d s ,  and more e x t e n s i v e  d a t a  p roce s s ing .  

Atomic a b s o r p t i o n  a n a l y s i s  was employed e s s e n t i a l l y  a s  p r e v i o u s l y  
r e p o r t e d ,  One re f inement  was t h e  u s e  o f  new e l e c t r o d e l e s s  d i s c h a r g e  
lamps (EDL1s),  Toward t h e  l a t t e r  p a r t  of t h i s  c o n t r a c t  p e r i o d ,  a  more 
s e n s i t i v e  g r a p h i t e  f u rnace  e x c i t a t i o n  t e chn ique  was deve loped ,  and 
p r e l i m i n a r i l y  e v a l u a t e d  f o r  t h e  de t e rmina t i on  o f  Cd, T1, and Te, 
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The X-ray f l u o r e s c e n c e ,  i o n - s e l e c t i v e  e l e c t r o d e  procedures ,  and 
conven t i ona l  ASTM c o a l  a n a l y s i s  methods used  were e s s e n t i a l l y  t h e  same 
a s  t h o s e  r e p o r t e d  p r e v i o u s l y  (Ruch e t  a l , ,  1973, 1974)a  

Development o f  ene rgy -d i spe r s i ve  X-ray f l u o r e s c e n c e  a n a l y s i s  o f  
c o a l  was begun du r ing  t h e  p r o j e c t ,  The i n s t r u m e n t a t i o n  c o n s i s t e d  o f  an 
americium-24 1  e x c i t a t i o n  sou rce ;  secondary t a r g e t s  of  copper ,  
molybdenum, t i n  and dysprosium; and a  S i ( L i )  d e t e c t o r  w i th  a  
1000-channel ana lyze r .  

It was e s t ima t ed  t h a t  t h e  average  r e l a t i v e  s t a n d a r d  d e v i a t i o n  f o r  
any t e chn ique  was i n  t h e  range  o f  10 t o  20 pe r  c e n t  f o r  most e lements  
concerned.  

NEUTRON ACTIVATION ANALYSIS 

Nondes t ruc t ive  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 ,  coupled wi th  t h e  
h i g h - r e s o l u t i o n  Ge ( L i  ) d e t e c t o r ,  a l lowed t h e  s imul taneous  
d e t e r m i n a t i o n  of  a  l a r g e  number (38)  of t r a c e  e lements  i n  whole c o a l  
t o  t h e  ppb l e v e l ,  The t e chn ique  s i g n i f i c a n t l y  i n c r e a s e d  t h e  scope and 
c a p a b i l i t y  o f  t r a c e  element a n a l y s i s  i n  c o a l  and coa l -der ived  
m a t e r i a l s .  The t e chn ique  e l i m i n a t e d  t h e  n e c e s s i t y  f o r  time-consuming 
r ad iochemica l  s e p a r a t i o n s  i n  t h e  d e t e r m i n a t i o n s  o f  such e lements  a s  
A s ,  S b ,  B r ,  Ga, and S e ,  a s  p r e v i o u s l y  r e q u i r e d  when coun t i ng  wi th  t h e  
NaI(T1) d e t e c t o r .  

Comparison o f  I N A A  d a t a  ob t a ined  i n  t h i s  l a b o r a t o r y  with t h e  
pub l i shed  d a t a  on NBS 1632, t h e  Trace  Elements i n  Coal s t a n d a r d  (Table  
A ) ,  i n d i c a t e s  g e n e r a l l y  good agreement and a c c e p t a b l e  p r e c i s i o n ,  

I N A A  Procedures  

Approximately 1  gram o f  whole c o a l  was weighed i n t o  t w o - f i f t h s  
dram po lye thy l ene  v i a l s ,  was h e a t  s e a l e d ,  and was a c t i v a t e d  i n  t h e  
THIGA M K I I  r e a c t o r  a t  t h e  U n i v e r s i t y  o f  I l l i n o i s .  The i r r a d i a t i o n  
t i m e s ,  t h e  decay i n t e r v a l ,  t h e  count  i n t e r v a l ,  t h e  n u c l i d e  observed ,  
and l i m i t s  o f  d e t e c t i o n  f o r  t h e  e lements  determined a r e  shown i n  Table  
B. I r r a d i a t i o n  and coun t i ng  t imes  were chosen t o  op t im ize  t h e  
d e t e r m i n a t i o n  o f  c e r t a i n  e lements ,  A l l  samples were compared t o  an 
i r r a d i a t e d  mu l t i e l emen ta l  s t a n d a r d ,  which was composed of  a  s o l u t i o n  
of reagent -grade  m a t e r i a l s  evapora ted  on to  Whatman 4 1  f i l t e r  pape r s ,  
I n  a d d i t i o n  t o  t h e  p r epa red  s t a n d a r d s ,  a  sample o f  NBS-1632 s t a n d a r d  
r e f e r e n c e  c o a l  was o c c a s i o n a l l y  ana lyzed  i n  o r d e r  t o  check t h e  
accuracy  o f  t h e  d a t a  i n  comparison t o  a ccep t ed  l i t e r a t u r e  va lue s .  The 
coun t i ng  system i s  shown s c h e m a t i c a l l y  i n  F i g u r e  A ,  Data r e d u c t i o n  was 
accomplished wi th  t h e  IBM 360 f a c i l i t i e s  a t  t h e  U n i v e r s i t y  of  
I l l i n o i s .  
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Fig. A - Schematic of instrumental  neutron ac t iva t ion  system. 
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TABLE B-DETECTION LIMITS AND NUCLEAR PROPERTIES 
OF ISOTOPES USED FOR THE ANALYSIS OF COAL 

Element I s o t o p e  Half  Cross  Count ing  Major L i m i t  o f  Average 
Produced L i f e  S e c t i o n  Per iod*  gamma-rays D e t e c t i o n  R e l a t i v e  

( b a r n s )  u t i l i z e d  ( P P d  S t a n d a r d  
(keV) D e v i a t i o n  

% 

15 h r  

37 min 

12.4 h r  

8 3 . 8  day 

27 .8  day  

258 h r  

45 day 

291 day 

5.26 y r  

71 day 

245 day 

13.8 h r  

14 .2  h r  

26.4 h r  

120 day 

35 .3  h r  

18.7 day 

2 . 8  h r  

67 h r  

253 day 

5 3  h r  
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TABLE B-Cont inued 

Element I s o t o p e  Hal f  Cross  Counting Major L i m i t  o f  Average 
Produced L i f e  S e c t i o n  Per iod*  gamma-rays D e t e c t i o n  R e l a t i v e  

( b a r n s )  u t i l i z e d  ( P P ~ )  S t a n d a r d  
(keV D e v i a t i o n  

% 

54 min 

2 .7  day 

6 0 . 3  day 

25 min 

2.05 y r  

12 day 

8 3  min 

40.2 h r  

33 day 

47 h r  

9 . 3  h r  

12 .5  y r  

72  day 

2 .35  h r  

4 .2  day 

32 day 

6 .7  day 

42.5 day 

115 day 

23 .8  h r  
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TABLE B-Concluded 

Elemen t  I s o t o p e  H a l f  C r o s s  C o u n t i n g  Majo r  L i m i t  o f  Average 
P roduced  L i f e  S e c t i o n  P e r i o d Y  gamma-rays D e t e c t i o n  R e l a t i v e  

( b a r n s )  u t i l i z e d  ( P P ~ )  S t a n d a r d  
( keV D e v i a t i o n  

% 

* Counting Decay Count 

Period I r r a d i a t i o n  Flux ( n. cm-'. ~ e c - ~  ) I n t e r v a l  I n t e r v a l  

A 15 min 2.0 x 1012 30 min 300 see  

B 15 min 2 . 0 ~  1012 3 h r  2000-3000 s e c  

C 2 h r  4.1 x 1012 24 h r  4000-7000 sec  

D 2 h r  4.1 x 1012 50 day 6-10 h r  

Radiochemical S e p a r a t i o n  Procedure f o r  Mercury 

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  was n o t  s a t i s f a c t o r y  f o r  
t h e  de t e rmina t i on  o f  Hg a t  t h e  l e v e l s  u s u a l l y  found i n  whole c o a l s  
(0 .01 t o  0 ,50 ppm). Hence, u s e  of  t h e  rad iochemica l  p rocedure  
d e s c r i b e d  by Ruch e t  a l , ,  (1974) ,  a  method p r e v i o u s l y  modi f ied  from 
t h a t  of Rook, G i l l s  and LaFleur  ( 1971 ) ,  was con t i nued ,  Th i s  p rocedure  
d i f f e r e d  from t h a t  o f  Rook, G i l l s ,  and LaFleur  ( 1971 ) ,  i n  t h a t  t h e  
combustion p r o d u c t s ,  i n c l u d i n g  Hg, were c o l l e c t e d  i n  a  co ld - t r ap  
cooled  by dry  i c e  i n s t e a d  o f  l i q u i d  n i t r o g e n ,  

Neutron A c t i v a t i o n  Ana ly s i s  o f  Te l lu r ium 

Te l l u r i um canno t  be determined i n  c o a l  by 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  because t e l l u r i u m  has  poor n u c l e a r  c h a r a c t e r i s t i c s  
f o r  a n a l y s i s  and normally occu r s  o n l y  i n  such  s m a l l  amounts (0.02 t o  
0.1 ppm) t h a t  i n t e r f e r e n c e s  from o t h e r  i s o t o p e s  p r e s e n t  p revent  i t s  
d e t e c t i o n ,  
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A r ad iochemica l  s e p a r a t i o n  procedure  was proposed i n v o l v i n g  t h e  
decay of  131Te t o  1311 a f t e r  i r r a d i a t i o n  o f  t h e  coa l -ash ,  1311 was 
c o l l e c t e d  by s o l v e n t  e x t r a c t i o n  and i t s  a c t i v i t y  was measured, From 
s t a n d a r d s ,  t h e  l i m i t  o f  d e t e c t i o n  of  Te was e s t i m a t e d  a t  0.1 t o  0 , 4  
ppm, The r e s u l t s  were c o r r e c t e d  f o r  t h e  l3'1 produced by f i s s i o n  of  
235~--sometimes a  s e r i o u s  i n t e r f e r e n c e .  Because t h e  expec ted  l e v e l s  o f  
l 'e i n  c o a l  appeared  t o  be  about  t h e  same a s  t h e  d e t e c t i o n  l i m i t s ,  t h e  
p rocedure  d i d  n o t  ho ld  s u f f i c i e n t  promise t o  be pursued.  It would be  
p o s s i b l e  t o  lower t h e  l i m i t  o f  d e t e c t i o n  by i n c r e a s i n g  t h e  t ime  o f  
i r r a d i a t i o n  from t h e  normal two hours  t o  10 t o  20 hours .  T h i s  was n o t  
p r a c t i c a l ,  A t  p r e s e n t ,  o t h e r  methods such a s  AA ( g r a p h i t e  f u r n a c e )  and 
nond i spe r s ive  XRF a r e  be ing  i n v e s t i g a t e d ,  

Neutron A c t i v a t i o n  Analys i s  o f  Thal l ium 

A rad iochemica l  s e p a r a t i o n  procedure  was developed t o  de te rmine  
T1 i n  coal-ash.  The method i n v o l v e s  sodium hydroxide f u s i o n ,  s u l f i d e  
p r e c i p i t a t i o n ,  s o l v e n t  e x t r a c t i o n ,  and f i n a l  p r e c i p i t a t i o n  of  T1I wi th  
coun t i ng  f o r  2 0 4 ~ 1  done on t h e  p r e c i p i t a t e .  The t e chn ique  was r a t h e r  
l e n g t h y  s i n c e  2 0 4 ~ 1  e m i t s  on ly  b e t a  a c t i v i t y ,  The measurement i s  
s u s c e p t i b l e  t o  i n t e r f e r e n c e  from even ve ry  low amounts o f  o t h e r  
r a d i o a c t i v i t y .  The l i m i t  o f  d e t e c t i o n  w i th  a  20-hour i r r a d i a t i o n  was 
o n l y  2 pprn T1 i n  whole c o a l ,  t h u s  t h e  procedure  i s  inadequa t e  and 
i m p r a c t i c a l  f o r  t h e  expec t ed  range  o f  0 , l  t o  1 ppm T1 i n  c o a l .  

EMISSION SPECTROCHEMICAL ANALYSIS 

P r e p a r a t i o n  o f  h igh- tempera ture  (500°C) coal-ash was de sc r i bed  i n  
d e t a i l  i n  Huch e t  a l , ,  ( 1974 ) ,  p. 60-65.  Two grams o f  c o a l  were 
weighed i n t o  a  used  s i l i c a  c r u c i b l e  and were d r i e d ,  The d r i e d  c o a l  was 
ashed  i n  t h e  covered c r u c i b l e  a t  500°C f o r  approximate ly  20 hou r s ,  
w i t h  o c c a s i o n a l  mixing wi th  a  p la t inum w i r e ,  The coo l ed ,  weighed a sh  
was ground u n t i l  homogeneous i n  a  m u l l i t e  mor ta r  and p e s t l e ,  t hen  
d r i e d  a t  110°C f o r  a  few hou r s ,  

A s e t  o f  s y n t h e t i c  s t a n d a r d s  was prepared  by u s ing  t h e  ave r age  
c o n c e n t r a t i o n s  o f  S i ,  A l ,  Ca, Fe ,  K, Mg and Na, and by u s i n g  average  
p e r  c e n t  f o r  h igh- tempera ture  a s h ;  t h e  average  v a l u e s  were t a k e n  from 
82 p r e v i o u s l y  ana lyzed  I l l i n o i s  c o a l s ,  The c o n c e n t r a t i o n  va lue s  were 
c a l c u l a t e d  t o  t h e i r  ox ide  o r  c a rbona t e  e q u i v a l e n t s  on t h e  a s h  b a s i s ,  
t h e  t ype  of c a l c u l a t i o n  depending upon t h e  expec t ed  combinat ion o f  
each  element  i n  h igh- tempera ture  c o a l  a s h ,  These c o n c e n t r a t i o n s  were 
t h e n  normalized t o  100 p e r  c e n t .  The s e l e c t e d  compounds and t h e i r  
c o n c e n t r a t i o n s  a r e  l i s t e d  i n  Table  C. 

Ten grams o f  t h e  mix ture  were prepared  and were mixed i n  a  
mixer -mi l l  f o r  one hour  i n  an alumina ceramic c o n t a i n e r ,  
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P o r t i o n s  o f  t h i s  coa l -ash  base  were t h e n  mixed w i th  amounts o f  
S i02-  and A1203-based Spex Time-Saver S t anda rds ,  which c o n t a i n  1000, 
333, 100, 33, and 10 ppm of  t h e  49 t r a c e  e lements  o f  Spex Mix 1000 
(Spex I n d u s t r i e s ,  I n c . ,  Box 798,  Metuchen, NJ 08840) such t h a t  t h e  
Si02:A1203 c o n c e n t r a t i o n  r a t i o  was equa l  t o  2.22, The amount o f  each  
Spex Mix s t a n d a r d  used i s  shown i n  Table  D. 

TABLE C-SYNTHETIC COAL ASH BASE 

Compound Percent  o f  Tota l  Coal Ash Base (WlW) 

SiO 
2 

CaCO 
3 

To t a l  

TABLE D-COAL ASH STANDARDS 

Designation Coal Ash Standard Weight o f  Coal Spex Standard Weight SiO Weight A 1  0 
2 2 3 

F i n a l  Concentration Ash Base Concentration Spex Standard Spex Standard 
(uglgm) (me) (uglgm) (mg) (mg) 

CA- 1 

CA-2 

CA-3 

CA-4 

CA-5 

CA-6 
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The m i x t u r e  u s e d  f o r  l o a d i n g  t h e  s p e c t r o m e t e r  e l e c t r o d e s  
c o n s i s t e d  of  40 mg o f  sample  o r  s t a n d a r d ,  10 mg o f  s p e c t r o s c o p i c a l l y  
p u r e  Ba(NG3)2, and 150 mg o f  SP-2X g r a p h i t e  powder, These were  mixed 
t o g e t h e r  on a  Wig-L-Bug s h a k e r  f o r  60 s e c o n d s  i n  a  2.54 cm i n  l e n g t h  
by 1.27 cm i n  d i a m e t e r  p l a s t i c  v i a l  c o n t a i n i n g  two p l a s t i c  b a l l s  .32 
cm i n  d i a m e t e r .  T h i s  m i x t u r e  was t h e n  weighed i n  t h e  a p p r o p r i a t e  
amounts  f o r  l o a d i n g  i n t o  e l e c t r o d e s ,  The s p e c t r o s c o p i c  p a r a m e t e r s  used  
a r e  l i s t e d  i n  T a b l e  E ,  

TABLE E-SPECTROS COPIC PARAMETERS 

I n s t r u m e n t  J a r r e l l - A s h  

3.4 m E b e r t  
s p e c t r o g r a p h  

10A 

4mm 

80 s e c .  

J a r r e l l - A s h  J a r r e l l - A s h  

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

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

Arc c u r r e n t  (D. C. ) 

Arc Gap 

Exposure t ime  65 s e c .  30-40 s e c .  

Atmosphere and f low r a t e  80% a r g o n ,  20% oxygen 
a t  14 SCFH 

80% a r g o n ,  20% oxygen 
a t  10 SCFH 

80% a r g o n ,  20% oxygen 
a t  10 SCFH 

Sample e l e c t r o d e  N a t i o n a l  L-3903 
under -cu t  

N a t i o n a l  L-3979 
t h i n - w a l l  c r a t e r  

N a t i o n a l  L-4006 
necked c r a t e r  3/16 
i n c h  d i a m e t e r  

N a t i o n a l  L-4036 
(ASTM C-1) 

N a t i o n a l  L-4036 
(ASTM C-1 ) 

Counter  e l e c t r o d e  N a t i o n a l  SP-1009 

E l e c t r o d e  c h a r g e  

E n t r a n c e  s l i t  w i d t h  

Photographic  p l a t e  and 
d e v e l o p e r  

S t e p  s e c t o r  

20 mg 

10 urn 

SA-1 
D-1 g 

6 s t e p ,  2 :1  r a t i o  

I n t e r n a l  s t a n d a r d  F e ,  v a r i a b l e  i n t e r n a l  
s t a n d a r d  

E x i t  s l i t  w i d t h  
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Direct-Reading Spec t rometer  Procedures  

T ime- in t ens i t y  cu rve s  were run  by t h e  u se  o f  s t a n d a r d s  t o  
de t e rmine  t h e  p rope r  exposure  t ime  f o r  t h e  d e s i r e d  s p e c t r a l  l i n e s .  
A f t e r  t h e  exposure  t ime  was de te rmined ,  more s t a n d a r d s  were a r c e d  t o  
e s t a b l i s h  a  c a l i b r a t i o n  cu rve  f o r  each element d e s i r e d  and t o  app ly  
t h e  p rope r  e l e c t r o n i c  c o r r e c t i o n s  t o  each element r e adou t  module. The 
d a t a  r e ce ived  from t h e  i n s t rumen t  were r e l a t i v e  i n t e n s i t i e s ,  
s t a n d a r d i z e d  by u s i n g  a  s p e c t r a l  l i n e  r e s u l t i n g  from v a r i a b l e ,  bu t  
known, c o n c e n t r a t i o n s  of i r o n .  Usua l l y ,  f o u r  e l e c t r o d e s  were a r c e d  f o r  
each  sample. 

The c o o r d i n a t e s  of each p o i n t  used i n  an element  c a l i b r a t i o n  
cu rve  were t r e a t e d  by l e a s t  s q u a r e s  r e g r e s s i o n s  t o  de te rmine  t h e  
c o e f f i c i e n t s  o f  t h e  f i rst  o r  second degree  equa t i on  t h a t  b e s t  
d e s c r i b e d  t h e  p a r t i c u l a r  c a l i b r a t i o n  cu rve ,  By t h e  u s e  of  t h e  r e l a t i v e  
i n t e n s i t y  d a t a  f o r  unknown samples  and t h e  c a l i b r a t i o n  cu rve  
c o e f f i c i e n t s ,  t h e  c o n c e n t r a t i o n  of each  d e s i r e d  element i n  t h e  
e l e c t r o d e  sample was c a l c u l a t e d  by t h e  u se  o f  a  computer program, 
These r e s u l t s  were c a l c u l a t e d  t o  t h e  whole c o a l  b a s i s ,  The means, 
s t a n d a r d  d e v i a t i o n s ,  and r e l a t i v e  s t a n d a r d  d e v i a t i o n s  c a l c u l a t e d ,  and 
t h e  f i n a l  r e s u l t s  were p r i n t e d  ou t .  The computer program h a s  saved 
approximate ly  30 pe r cen t  o f  t h e  t ime  t h a t  was fo rmer ly  t a k e n  t o  
complete  t h e  a n a l y s i s  and d a t a  t r e a tmen t  o f  coa l -ash  samples ,  

3.4 Meter E b e r t  Spec t rograph  Procedure  

When u s i n g  t h e  photographic  i n s t rumen t ,  t i m e - i n t e n s i t y  s t u d i e s  
were aga in  performed t o  a t t a i n  t h e  optimum exposure  t ime f o r  t h e  
d e t e r m i n a t i o n  o f  1 4  e lements  i n  t h e  same sample mix ture  by t h e  u s e  o f  
one a n a l y s i s  program, 

The same sample and s t a n d a r d  mix tu r e s  were used f o r  photographic  
and f o r  d i r e c t - r e a d i n g  spec t ro scopy ,  The pe r cen t  t r a n s m i t t a n c e  va lue s  
o f  t h e  a n a l y t i c a l  l i n e s  were determined by s t a n d a r d  dens i t ome t ry ,  

A computer program was w r i t t e n  t o  speed t h e  d a t a  hand l i ng  f o r  
t h i s  p rocedure ,  One p o r t i o n  of t h e  program was used  t o  de te rmine  t h e  
r e l a t i v e  i n t e n s i t y  o f  a  s p e c t r a l  l i n e  from i t s  pe rcen t age  o f  
t r a n s m i t t a n c e  and t h e  co r r e spond ing  s p e c t r a l  s t e p ,  A H e r t e r - D r i f f i e l d  
(H-D)  emulsion c a l i b r a t i o n  p l o t  was used f o r  t h i s  p rocedure  by 
p l o t t i n g  t h e  pe r cen t age  o f  t r a n s m i t t a n c e  v e r s u s  exposure  s t e p  number, 
An i n v e r t e d  l o g a r i t h m i c  a b s c i s s a  was o v e r l a i n  on t h e  s t e p  number 
a b s c i s s a  and a  r e l a t i v e  i n t e n s i t y  of 1 ,00 a t  50 pe r cen t  t r a n s m i t t a n c e  
was a r b i t r a r i l y  a s s i gned ,  Because t h e  H-D p l o t  was s igmoid,  and t o  ou r  
knowledge t h e r e  was no s i n g l e  e q u a t i o n  t h a t  d e s c r i b e s  t h i s  t y p e  o f  
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cu rve  w e l l ,  a  s p l i n e  f u n c t i o n  r o u t i n e  was used  f o r  mathemat ica l  
f i t t i n g .  Data p o i n t s  f o r  t h e  H-D p l o t  were spaced  eve ry  2 pe r cen t  o f  
t r a n s m i t t a n c e ,  The curve  f i t t i n g  r o u t i n e  determined which i n t e r v a l  t o  
u s e  f o r  t h e  unknown p e r c e n t  o f  t r a n s m i t t a n c e  v a l u e ,  f i t t e d  a  q u a d r a t i c  
e q u a t i o n  t o  t h e  i n t e r v a l  from t h e  c a l i b r a t i o n  d a t a ,  and c a l c u l a t e d  t h e  
r e s u l t i n g  r e l a t i v e  i n t e n s i t y  o f  t h e  unknown s p e c t r a l  l i n e ,  The 
r e l a t i v e  i n t e n s i t y  was t h e n  handled i n  a  manner s i m i l a r  t o  t h a t  used 
f o r  t h e  d i r e c t - r e a d e r  d a t a ,  That is, t h e  r e l a t i v e  i n t e n s i t y  o f  a  g iven  
unknown s p e c t r a l  l i n e  was o p e r a t e d  upon by t h e  c o e f f i c i e n t s  o f  t h e  
r e s p e c t i v e  element c a l i b r a t i o n  cu rve  t o  de te rmine  t h e  c o n c e n t r a t i o n  i n  
t h e  e l e c t r o d e  mix tu r e  and t h e n  t o  de te rmine  t h e  c o n c e n t r a t i o n  i n  t h e  
whole coa l .  Two e l e c t r o d e s  pe r  sample were a r ced  i n  t h e  photographic  
method. The computer programming s t e p  saved about  50 p e r c e n t  of t h e  
t ime  f o r  a n a l y s i s  o f  a sample f o r  14 e lements ,  

Table  F l ists  t h e  e lements  de te rmined ,  t h e  method used ,  t h e  
d e t e c t i o n  l i m i t ,  t h e  c o n c e n t r a t i o n  r ange ,  and t h e  average  r e l a t i v e  
s t a n d a r d  d e v i a t i o n s  f o r  e lements  i n  whole c o a l s  i n  t h i s  s t u d y ,  

S p e c i a l  Refinement of O p t i c a l  Emission Procedures  

1 ,  A new method f o r  t h e  de t e rmina t i on  o f  t h a l l i u m  was sough t  by 
bo th  d i r e c t - r e a d i n g  and photographic  o p t i c a l  emission spec t ro scopy .  A 
p h o t o m u l t i p l i e r  was i n s t a l l e d  i n  t h e  d i r e c t  r e a d e r  and a l i g n e d  f o r  t h e  
T1 I 3775.72 A l i n e .  S t anda rds  were a r c e d  t o  de te rmine  a  c a l i b r a t i o n  
cu rve  u s i n g  t h e  same procedures  a s  de sc r i bed  p r e v i o u s l y ,  The d e t e c t i o n  
l i m i t  found f o r  t h e s e  parameters  was 33pg/gm i n  a s h ,  Thal l ium was 
sough t  i n  s e v e r a l  coal-ash samples  bu t  was n o t  d e t e c t e d .  

S t anda rds  were a r c e d  f o r  photographic  d e t e c t i o n ,  and a  
c a l i b r a t i o n  curve  was drawn f o r  t h e  TI I 2768 l i n e ,  The sample mix ture  
and a r c i n g  c o n d i t i o n s  were t h e  same a s  d e s c r i b e d  p r ev ious ly .  The 
d e t e c t i o n  l i m i t  was 33pg/gm i n  t h e  a s h ,  bu t  t h e  s e n s i t i v i t y  was good, 
Again, t h a l l i u m  was sought  i n  s e v e r a l  c o a l  samples bu t  was no t  
d e t e c t e d ,  

An o p t i c a l  emiss ion  ( d i r e c t - r e a d i n g )  spec t rome t ry  procedure  
f o r  t h a l l i u m  de t e rmina t i on  i n  coa l -ash  was i n v e s t i g a t e d  and found 
a p p l i c a b l e ,  The h igh- tempera ture  a s h  (HTA) of a  c o a l  was mixed 1:1 by 
weigh t  w i t h  a 20 pe r cen t  sodium c h l o r i d e  - 80 pe r cen t  g r a p h i t e  mix ture  
(sodium c h l o r i d e  c a t a l o g  1352 and SP-2-X g r ade  g r a p h i t e ,  Spex 
I n d u s t r i e s ,  I n c , ,  Box 798,  Metuchen, N J  08840) i n  p o l y s t y r e n e  v i a l s ,  
1 /2  i nch  i n  d i ame te r  by 1  i nch  deep,  c o n t a i n i n g  2 me thac ry l a t e  b a l l s ,  
1 /8  i nch  i n  d i ame te r ,  Then t h e  v i a l s  were p l aced  i n  a  Wig-L-Bug and  
a g i t a t e d  f o r  one minute ,  

Next,  10 mg o f  t h e  cha rge  mix tu r e  was weighed and was loaded i n t o  
each o f  t h r e e  necked c r a t e r  e l e c t r o d e s  (3/16 inch  i n  d i ame te r ,  
Na t i ona l  t y p e  L-4006, Spex I n d u s t r i e s ,  I n c ,  ) , The coun t e r  e l e c t r o d e  
( 1 / 8  i nch  i n  d i ame te r ,  Na t i ona l  t y p e  L-4036, Spex I n d u s t r i e s ,  I n c ,  ) 
and sample e l e c t r o d e  were t hen  p l aced  i n  t h e  a r c  s t a n d  o f  a  
J a r r e l l - A s h  Model 750 Atomcounter, 
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TABLE F-EXPERIMENTAL PARAMETERS AND RESULTS FOR OE-P AJYD OE-DR 

Element Wavelength Method C o n c e n t r a t i o n  Range Average R e l a t i v e  D e t e c t i o n  L i m i t  
( A  Whole Coal (ug/gm) S t a n d a r d  D e v i a t i o n  ( J )  i n  Ash (ug/gm) 

3280.7 

2496.8 
(2nd o r d e r )  

2348.6 
3131 .O7 

2288.0 

3453.5 
3453.5 

4254.3 
2843.25 

3274.0 
3274.0 

2651.2 
3039.1 

2605.7 

3170.3 
31 70.3 

3414.8 
3414.8 

4057.8 
2833.1 

4607.3 

3775.7 

3184.0 
3185.4 

2138.6 
3345.0 

3392.0 
3392.0 

OE-P 

OE-D 

OE-D 
OE-P 

OE-D 

OE-D 
OE-P 

OE-D 
OE-P 

OE-D 
OE-P 

OE-D 
OE-P 

OE-P 

OE-D 
OE-P 

OE-D 
OE-P 

OE-D 
OE-P 

OE-D 

OE-D 

OE-D 
OE-P 

OE-D 
OE-P 

OE-D 
OE-P 
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The sample was a r c e d  u n t i l  i t  was v i s u a l l y  appa ren t  t h a t  t h e  
a l k a l i  meta l  vapor  phase o f  t h e  a r c  had s i g n i f i c a n t l y  dec r ea sed ,  While 
t h e  sample was a r c i n g  t h e  l l i n s t an t aneousu  response  s i g n a l  from t h e  T I  
3775 p h o t o m u l t i p l i e r  t u b e  was recorded  on a  s t r i p  c h a r t  r e c o r d e r .  The 
r e s u l t i n g  s t r i p  c h a r t  peak (approximate ly  3 t o  8 seconds  a f t e r  a r c  
i g n i t i o n )  was measured and was compared t o  a  c a l i b r a t i o n  cu rve  de r i ved  
from s y n t h e t i c  coa l -ash  s t a n d a r d s  (Tab l e s  C and D) where peak h e i g h t  
v s ,  c o n c e n t r a t i o n  i n  microgram p e r  gram was p l o t t e d  on log- log  paper .  

2 ,  A c a r r i e r  d i s t i l l a t i o n  method f o r  molybdenum was a t t emp ted  by 
t h e  u s e  of photographic  d e t e c t i o n .  The coa l -ash  s t a n d a r d s  were mixed 
i n t o  a  m a t r i x  of S i02  c o n t a i n i n g  10 pe r cen t  Ga203 a s  a  c a r r i e r ,  T h i s  
method was t'ound t o  be u n s a t i s f a c t o r y ,  

3 ,  Photographic  p l a t e s  were sprayed  wi th  a  s o l u t i o n  o f  sodium 
s a l i c y l a t e  i n  a b s o l u t e  e t h a n o l  and were a l lowed t o  dry.  It was hoped 
t h a t  t h e  sodium s a l i c y l a t e  would i n c r e a s e  t h e  s e n s i t i v i t y  o f  t h e  SA-1 
p l a t e s  t o  t h e  u l t r a v i o l e t  r e g i o n  by f l u o r e s c i n g  under UV r a d i a t i o n .  
Sodium s a l i c y l a t e  f l u o r e s c e s  i n  t h e  b lue  r e g i o n ,  a  ve ry  s a t i s f a c t o r y  
wavelength r eg ion  f o r  t h e  SA-1 emulsion,  However, when s t a n d a r d s  
c o n t a i n i n g  333 ppm t o  3.3 ppm cadmium were a r c e d ,  no s p e c t r a l  l i n e  
cou ld  be d e t e c t e d  a t  CD I 2288A, even f o r  t h e  h igh  c o n c e n t r a t i o n  
s t a n d a r d s  . 

ATOMIC ABSORPTION ANALYSIS 

Flame Atomic Absorpt ion A n a l y t i c a l  Procedures  

Atomic a b s o r p t i o n  ( A A )  methods were used f o r  t h e  de t e rmina t i on  o f  
Cd, Cu, N i ,  Pb, and Zn i n  low-temperature  ashed  f r a c t i o n s  o f  whole 
c o a l ,  bench, and f l o a t - s i n k  samples ,  The a n a l y t i c a l  p rocedures  used i n  
t h i s  s t u d y  were t h o s e  r e p o r t e d  by Ruch e t  a l , ,  (1974)  w i th  a  few 
m o d i f i c a t i o n s ,  The methods a r e  summarized below. 

Atomic a b s o r p t i o n  measurements were made u s i n g  a  Perk in-  Elmer 
Nodel 306 Atomic Absorp t ion  Spec t rophotometer .  Absorbance s i g n a l s  were 
recorded  on a  s t r i p  c h a r t  r e c o r d e r ,  An a i r - a c e t y l e n e  flame was used  
w i t h  a  4  i nch  i n  l e n g t h  s i n g l e - s l o t  f l a t - h e a d  burner .  S tandard  s i n g l e  
e lement  hollow ca thode  lamps were used f o r  a l l  e lements  bu t  
o c c a s i o n a l l y  Cd and Pb e l e c t r o d e l e s s  d i s c h a r g e  lamps were used,  
C o r r e c t i o n s  f o r  non-atomic background a b s o r p t i o n  were made 
s imu l t aneous ly  by use of  a  deu te r ium a r c  background c o r r e c t o r .  

A l l  r e a g e n t s  used  were ACS c e r t i f i e d  r eagen t  g r ade  chemica ls ,  and 
s t a n d a r d  s t o c k  s o l u t i o n s  were prepared  from h i g h  p u r i t y  m e t a l s  o r  
compounds, The c a l i b r a t i o n  s t a n d a r d s  were prepared  from d i l u t e d  s t o c k  
s o l u t i o n s  t h a t  c o n t a i n  t h e  fo l l owing  ma t r i x  m a t e r i a l s :  1% V/V 48% HF, 
I  ,4$ V / V  aqua r e g i a  ( 1  :3: 1 ;  HN03-HCL-H20), and 1% W/V H3B03 
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Approximately 0.1 g  o f  low-temperature  ashed sample,  p r e v i o u s l y  
d r i e d  a t  110°C f o r  s e v e r a l  h o u r s ,  was t r a n s f e r r e d  t o  a  60 m l  o r  125 m l  
l i n e a r  po lye thy l ene  screw-cap b o t t l e .  The sample was we t t ed  wi th  1  m l  
o f  1:1 d i s t i l l e d  H C 1  and was d r i e d  i n  a  s team ba th .  The d r i e d  sample 
was t hen  wet ted  wi th  0.7 m l  aqua r e g i a  and 0 0 5  m l  of  HF was added. The 
b o t t l e  was capped t i g h t l y  and was p l aced  on a  s team ba th  f o r  
approximate ly  two hours ,  Af t e r  t h e  b o t t l e  was removed from t h e  s team 
b a t h  and was al lowed t o  c o o l ,  10 m l  o f  a  50 g / l  H3B03 s o l u t i o n  was 
added* The d i s s o l v e d  sample was t r a n s f e r r e d  t o  a  50 m l  Pyrex 
vo lume t r i c  f l a s k ,  was d i l u t e d  t o  volume wi th  de ion i zed  wa t e r ,  and was 
r e t u r n e d  t o  t h e  b o t t l e  f o r  s t o r a g e .  

The f lame a b s o r p t i o n  a n a l y t i c a l  c o n d i t i o n s  a r e  p r e sen t ed  i n  Table  
G .  I n  t h e  c a s e  o f  Zn, where s o l u t i o n  c o n c e n t r a t i o n s  were sometimes 
l a r g e  enough t o  c ause  a  d e p a r t u r e  from l i n e a r i t y  i n  a  p l o t  o f  
absorbance  v e r s u s  c o n c e n t r a t i o n ,  t h e  bu rne r  was r o t a t e d  from i t s  u s u a l  
p a r a l l e l  o r i e n t a t i o n  i n  o r d e r  t o  dec r ea se  t h e  s e n s i t i v i t y ,  and t he r eby  
overcome t h e  n e c e s s i t y  f o r  sample d i l u t i o n .  F i n a l  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  by s o l v i n g  f o r  c o n c e n t r a t i o n  i n  a l e a s t  s q u a r e s  c o n s t r u c t e d  
c a l i b r a t i o n  c u r v e  o f  absorbance  v e r s u s  c o n c e n t r a t i o n .  A new 
c a l i b r a t i o n  curve  was c a l c u l a t e d  f o r  each s e t  o f  a n a l y s e s ,  

The r e l a t i v e  s t a n d a r d  d e v i a t i o n  was e s t ima t ed  t o  average  10 
p e r c e n t  o r  l e s s  f o r  t h e  d e t e r m i n a t i o n s  d i s c u s s e d ,  

TABLE G-FLAME) ATOMIC ABSORPTION PARAMETERS 

Lamp Current  Wave- S l i t  Burner Typica l  S o l u t i o n  Detec t ion  
o r  Power l e n g t h  ( n m )  P o s i t i o n  S e n s i t i v i t y  Concent ra t ion  L i m i t s  i n  

(nm) (ppm/0.0044 Abs) Range (ppm) Ash (ppm) 

Cd HCL 8ma 228.8 0.7 p a r a l l e l  0.023 0.003 t o  1.8 1.5 

Cd EDL 5w 228.8 0.7 p a r a l l e l  0.015 0.002 t o  1.2 1 

Cu HCL 10ma 324.7 0.7 p a r a l l e l  0.07 0.005 t o  4 2.5 

N i  HCL 18ma 232.0 0.2 p a r a l l e l  0.1 0.007 t o  3.5 3.5 

PbEDL llw 217.0 0.7 p a r a l l e l  0.16 0.02 t o  6.5 10 

Zn HCL 15ma 213.9 0.7 p a r a l l e l  0.14 0.004 t o  0.8 2 

0 

Zn HCL 15ma 213.9 0.7 up t o  30 0 .2  0.8 t o  10 
from 
p a r a l l e l  



TRACE ELEMENTS I N  COAL 

Graph i t e  Furnace Procedures  

Because low-temperature  a s h  samples  o f t e n  have c o n c e n t r a t i o n s  o f  
cadmium, which were u n d e t e c t a b l e  by f lame a tomic  a b s o r p t i o n ,  and 
because  of t h e  need f o r  a n a l y t i c a l  methods f o r  t h e  de t e rmina t i on  o f  
t e l l u r i u m  and t h a l l i u m ,  t h e  u se  o f  f l a m e l e s s  a tomic  a b s o r p t i o n  
spec t rome t ry  was i n v e s t i g a t e d .  The major advantage  o f f e r e d  by 
f l a m e l e s s  a t omiza t i on  schemes such  a s  t h e  g r a p h i t e  t u b e  a tomize r  was 
t h a t  t h e  s e n s i t i v i t i e s  and d e t e c t i o n  l i m i t s  a r e  o f t e n  100 t o  1000 
t i m e s  b e t t e r  than  w i th  f lame a tomiza t i on  f o r  most meta l s .  Th i s  was 
due ,  t o  a  l a r g e  e x t e n t ,  t o  t h e  g r e a t l y  i n c r e a s e d  r e s i d e n c e  t ime o f  t h e  
a tomic  vapor i n  t h e  o p t i c a l  pa th  and a l s o  t o  t h e  t o t a l  sample be ing  
a v a i l a b l e  f o r  ab so ' r p t i ond  The major d i s advan t ages  i n  t h i s  method were 
t h a t  it was more s u b j e c t  t o  s e v e r e  i n t e r f e r e n c e s  and t h a t  it was much 
more time consuming t han  f lame methods, 

The f l a m e l e s s  a t omize r  used i n  t h i s  i n v e s t i g a t i o n  was a  
Perkin-Elmer HGA-2000 Graph i t e  Furnace used  i n  con junc t i on  w i th  a  
Perkin-Elmer Model 306 Atomic Absorpt ion Spec t rophotometer .  Absorbance 
s i g n a l s  were recorded  on a s t r i p  c h a r t  r e c o r d e r ,  C o r r e c t i o n s  f o r  broad 
band a b s o r p t i o n  were made w i th  a  deuter ium a r c  background c o r r e c t o r ,  
E l e c t r o d e l e s s  d i s c h a r g e  lamps were used f o r  t e l l u r i u m  and t h a l l i u m  
d e t e r m i n a t i o n s ,  and a  hollow ca thode  lamp was used f o r  cadmium. 

Low t empe ra tu r e  a s h  samples were p r epa red  i n  e x a c t l y  t h e  same 
manner a s  t h e  flame a tomic  a b s o r p t i o n  procedures .  These methods 
appeared t o  be q u i t e  adequa te  f o r  t h e  de t e rmina t i on  o f  cadmium and 
t e l l u r i u m ,  bu t  s e v e r e  m a t r i x  i n t e r f e r e n c e s  were found t o  be p r e s e n t  
f o r  t h a l l i u m ,  a s  w i l l  be d i s c u s s e d  l a t e r .  To compensate f o r  any m a t r i x  
i n t e r f e r e n c e s  t h a t  might occur  i n  t h e  d e t e r m i n a t i o n s ,  t h e  method o f  
s t a n d a r d  a d d i t i o n s  was used f o r  a l l  t h r e e  e lements ,  The s t a n d a r d  
a d d i t i o n s  were made d i r e c t l y  i n t o  t h e  f u r n a c e  fo l l owing  t h e  a d d i t i o n  
o f  t h e  sample s o l u t i o n .  The a n a l y t i c a l  c o n d i t i o n s  developed f o r  t h i s  
s t u d y  a r e  summarized i n  Table  H. 

The de t e rmina t i on  o f  cadmium by t h e  u s e  of  t h e  g r a p h i t e  f u rnace  
i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  wi th  o n l y  minor m a t r i x  i n t e r f e r e n c e s ,  
Good absorbance  s i g n a l s  were ob t a ined  o v e r  a  range  o f  a t omiza t i on  
t empe ra tu r e s  from 1800°C t o  2300°c wi th  maximum absorbance  between 
2000°C and 2100°C, Broad band a b s o r p t i o n  was r e l a t i v e l y  sma l l  (0 ,075 
absorbance  u n i t s )  even a t  c h a r r i n g  t empe ra tu r e s  a s  low a s  2 5 0 " ~ ~  and 
t h e  maximum c h a r r i n g  t empe ra tu r e ,  w i thou t  Cd a t o m i z a t i o n ,  was 900°C, 
An examinat ion of  Table  I shows t h a t  t h e  accuracy  f o r  Cd de t e rmina t i on  
by t h i s  method was h i g h ,  and t h e  agreement wi th  o t h e r  pub l i shed  v a l u e s  
f o r  NBS Standard  Reference  M a t e r i a l  1632 was good, The r e l a t i v e  
s t a n d a r d  d e v i a t i o n  was approximate ly  5 p e r c e n t ,  

The de t e rmina t i on  o f  t e l l u r i u m  wi th  t h e  g r a p h i t e  f u rnace  was a l s o  
r e l a t i v e l y  s t r a i g h t f o r w a r d ,  a l t hough  t h e r e  were some i n t e r f e r e n c e s ,  
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TABLE H-HGA-2000 ANALYTICAL 
CONDITIONS 

Element 

Source  

C u r r e n t  o r  Power 

h a v e l e n g t h  (nm) 

S l i t  (nm) 

Purge g a s / f l o w  ( 1  /ruin) 

Dry ing  t i m e  ( s e c )  
0  

Drying t e m p e r a t u r e  ( C) 

C h a r r i n g  t i m e  ( s e c )  
0  

C h a r r i n g  t e m p e r a t u r e  ( C) 

Atomiza t ion  t i m e  ( s e c )  
0  

Atomiza t ion  t e m p e r a t u r e  ( C) 

Background c o r r e c t i o n  

T y p i c a l  s e n s i t i v i t y  
(pg/ .0044 Abs) 

Cd 

HCL 

8mA 

228.8 

0 . 7  

Ar/1.2 

30 

150 

2  0  

300 

8  

2000 

D 
2  

2 . 5  

T y p i c a l  d e t e c t i o n  l i m i t  (ppm) 0 .05  
( a s h ,  20 u l  sample)  

Te 

EDL 

7 . 2 ~  

214.3 

0 . 2  

~ r / l , 2 ( i n t e r r u p t )  

3  0  

150 

20 

400 

8  

2500 

D 
2  

2  1 

T1 

EDL 

5 . 8 ~  

276.8 

0 . 7  

A r / l .  2  

30 

150 

2 0  

300 

8 

2300 

D 
2  

260 

5.0 

TABLE I-COMPARISON OF RESULTS FOR Cd, 
T e ,  AND T1 I N  NBS SRM 1632 

SOURCE Cd Te T1 

NB S 0.1920.03 ( < O . l )  0.5920.03 

K l e i n , e t a l .  (1975) 0 .31  - - - - - -  

Chattopadhyay (1974)  0 .20f i .02  1 . 0  0.51+0.06 

T h i s  s t u d y  0.21+.0.01 0 .5  <2 .0  
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The b e s t  absorbance  s i g n a l s  were ob t a ined  a t  a t omiza t i on  t empe ra tu r e s  
above 2400°C. Broad-band a b s o r p t i o n  was a l s o  r e l a t i v e l y  s m a l l ,  even a t  
t empe ra tu r e s  a s  low a s  150°C, and t h e  maximum c h a r r i n g  t empe ra tu r e  
be fo r e  any l o s s  o f  Te was approximate ly  900°C. It was observed t h a t  
t h e  sample m a t r i x ,  i n c l u d i n g  t h e  r e a g e n t s  used i n  t h e  d i s s o l u t i o n ,  
impar t  an enhancement o f  n e a r l y  40 p e r  c e n t  i n  t h e  peak-height  
absorbance  and i s  accompanied by a  nar rowing  o f  t h e  absorbance  peak 
r e l a t i v e  t o  t h e  same c o n c e n t r a t i o n  o f  Te i n  a  one p e r  c e n t  HNO3 
ma t r i x .  It was n o t  de te rmined  whether t h e  a r e a s  under t h e  two peaks 
were e q u i v a l e n t .  

Te l lu r ium was approximate ly  one t e n t h  a s  s e n s i t i v e  a s  Cd, I n  t h e  
samples  ana lyzed  i n  t h i s  s t u d y ,  i t  was o f t e n  d i f f i c u l t  t o  r e l i a b l y  
d i f f e r e n t i a t e  t h e  absorbance  peak from t h e  b a s e l i n e .  A t  t h e s e  low Te 
l e v e l s ,  t h e  p r e c i s i o n  was poor.  

Thal l ium was s u b j e c t  t o  ve ry  s e v e r e  m a t r i x  i n t e r f e r e n c e s  t h a t ,  i f  
l e f t  unimproved, rendered  t h a l l i u m  n e a r l y  u n d e t e c t a b l e  i n  t h e  sample. 
I n  an examinat ion of  t h e  c o n t r i b u t i o n s  o f  r e a g e n t s  t o  t h e s e  
i n t e r f e r e n c e s ,  i t  was found t h a t  t h e  H C 1  i n  t h e  aqua r e g i a  was one o f  
t h e  major  c o n t r i b u t o r s .  T1 i n  a  one p e r c e n t  H C 1  m a t r i x  ha s  an 
absorbance  of  on ly  two pe r  c e n t  o f  t h a t  found i n  a  one pe r cen t  H N 0 3  
ma t r i x .  The absorbance was improved t o  o n l y  30 p e r  c e n t  f o r  a  0.0001 
p e r  c e n t  H C 1  ma t r i x ,  Such i n t e r f e r e n c e  by H C 1  f o r  T1 h a s  been observed  
by Melcher e t  a l ,  ( 1974 ) ,  and F u l l e r  (1976) .  The p r e s e n t  s t udy  showed 
t h a t  m a t r i c e s  c o n t a i n i n g  one pe r  c e n t  H 3 B 0 3  and one pe r  c e n t  HF r educe  
T1 absorbance  by n e a r l y  50 p e r  c en t .  

I n  a t t e m p t i n g  t o  overcome H C 1  i n t e r f e r e n c e ,  F u l l e r  (1976)  
sugges t ed  t h e  a d d i t i o n  o f  one p e r  c e n t  ( v /v )  H 2 S 0 4  a s  a  means o f  
improving s e n s i t i v i t y  and observed t h a t  H 2 S 0 4  was more e f f e c t i v e  t han  
H N 0 3  f o r  samples  w i th  ve ry  s imple  m a t r i c e s .  For  t h e  low-temperature  
a s h  ma t r i x  used i n  t h i s  s t u d y ,  t h e  r e v e r s e  was observed ;  c o n c e n t r a t e d  
HNO3 was found t o  be  t h e  most e f f e c t i v e  i n  removing t h e  i n t e r f e r e n c e ,  
It was a l s o  observed i n  t h i s  s t u d y  t h a t  t h e  s imp le  a d d i t i o n  o f  H N 0 3  t o  
t h e  sample was n o t  a s  e f f e c t i v e  a s  d r y i n g  t h e  sample f i r s t  i n  t h e  
g r a p h i t e  t u b e ,  and t h e n  add ing  t h e  H N O 3 ,  Such a  p rocedure  r e s u l t e d  i n  
a  t h a l l i u m  absorbance  f o r  t h e  sample-reagent  m a t r i x  t h a t  was about  50 
p e r  c e n t  of  t h a t  observed i n  t h e  H N 0 3  m a t r i x  a l o n e ,  

The c a u s e  of  t h i s  c h l o r i d e  i n t e r f e r e n c e  h a s  been sugges t ed  by 
F u l l e r  t o  be due t o  t h e  p o s s i b l e  fo rmat ion  o f  a  v o l a t i l e  c h l o r i d e  when 
u s i n g  H C 1 ,  l e a d i n g  t o  a  l o s s  o f  t h a l l i u m  b e f o r e  a tomiza t i on .  It was 
observed  i n  t h e  p r e s e n t  s t udy  t h a t  i f  t h a l l i u m  was v o l a t i l i z e d ,  t hen  
no g r e a t e r  t han  50 pe r cen t  o f  it was l o s t  d u r i n g  a  d r y i n g  s t a g e  a t  
150°C f o r  30 s e c ,  a s  is  shown by t h e  e f f e c t i v e n e s s  of  t h e  HN03 
a d d i t i o n  a f t e r  t h e  samples  were d r i e d .  Continuous mon i to r i ng  o f  
t h a l l i u m  a t o m i z a t i o n  l o s s e s  du r ing  d r y i n g  and c h a r r i n g  s t a g e s  h a s  t h u s  
f a r  shown no l o s s .  It would appear  t h a t  t h e  c h l o r i d e  i n t e r f e r e n c e  
mechanism was more complex t h a n  t h a t  sugges t ed  by F u l l e r ,  These 
i n t e r f e r e n c e s  were n o t  i n v e s t i g a t e d  t ho rough ly ,  bu t  f u r t h e r  work is  
c o n t i n u i n g ,  
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X-RAY FLUORESCENCE ANALYSIS OF WHOLE COAL 

X-ray f l u o r e s c e n c e  d e t e r m i n a t i o n s  were made on whole c o a l  f o r  A s ,  
B r ,  Yb, Zn, Cu, N i ,  P, C 1 ,  S, V ,  Mg, Ca, Fe,  T i ,  A l ,  and S i ,  A P h i l i p s  
vacuum spec t rome te r  equipped wi th  a  Mark I s o l i d - s t a t e  e l e c t r o n i c s  
p a n e l  was used f o r  a l l  a n a l y s e s ,  

A 3KW chromium X-ray t u b e  was used and t h e  procedures  were a s  
d e s c r i b e d  by Ruch e t  a l .  (1973, 1974) .  F u r t h e r  d i s c u s s i o n  o f  t h e  
methods was p r e sen t ed  by Kuhn e t  a l ,  (1975) ,  The o n l y  change i n  t h e  
procedure  ha s  been t h e  u s e  o f  a  new d i f f r a c t i n g  c r y s t a l  wi th  b e t t e r  
s e n s i t i v i t y  f o r  t h e  e l emen t s  de te rmined ,  A TlAP c r y s t a l  r ep l aced  t h e  
EDDT c r y s t a l  f o r  t h e  d e t e r m i n a t i o n  of  e lements  i n  t h e  p e r i o d i c  t a b l e  
from Na through S i .  

Whole c o a l  was used f o r  t h e  p r e p a r a t i o n  o f  samples  f o r  a n a l y s i s  
and  a l l  r e s u l t s  a r e  g iven  on t h e  d r y  whole c o a l  b a s i s .  

A s  d e t a i l e d  i n  t h e  p r ev ious  r e p o r t ,  t h e  observed r e l a t i v e  
s t a n d a r d  d e v i a t i o n s  f o r  e lements  determined by t h i s  t e chn ique  ranged 
from 0.35 t o  8.4 p e r c e n t ,  

SUMMARY OF METHODS 

Tab l e s  J and K summarize t h o s e  a n a l y t i c a l  methods t h e  r e s u l t s  o f  
which were f i n a l l y  i n c o r p o r a t e d  i n t o  t h e  f i n a l  va lue s  f o r  e l emen ta l  
compos i t ion  of  whole c o a l ,  bench samples ,  and f l o a t - s i n k  samples ,  I n  
g e n e r a l ,  t h e  same t e chn iques  were a p p l i e d  t o  whole c o a l  and bench 
samples ,  However, t h e  v a r y i n g  m a t r i x  o f  t h e  f  l o a t - s i n k  samples 
r e q u i r e d  d i f f e r e n t  a n a l y t i c a l  p rocedures  i n  some c a s e s .  

When an element was de te rmined  by two o r  more methods, a l l  t h e  
r e s u l t s  were n o t  n e c e s s a r i l y  used t o  c a l c u l a t e  t h e  "most p robable f1  
c o n c e n t r a t i o n .  It was su spec t ed  t h a t  r e s u l t s  f o r  some e lements  by a  
p a r t i c u l a r  method might be b i a sed  because  o f  i n t e r f e r e n c e s .  For  
example, i t  was known t h a t  i n  XRF, m a t r i x  e f f e c t s  i n h i b i t  t h e  a c c u r a t e  
d e t e r m i n a t i o n  of  some t r a c e  e l emen t s ,  and i n  I N A A  t h e  de t e rmina t i on  o f  
some e lements  i s  s u s c e p t i b l e  t o  i n t e r f e r e n c e  caused by t h e  f a c t  t h a t  
t h e  measured i s o t o p e  i s  a l s o  produced by a  n u c l e a r  r e a c t i o n  i n v o l v i n g  
a second element .  

ELEMENTS DETERMINED BY TWO OR MORE ANALYTICAL METHODS 

The fo l l owing  comments summarize o b s e r v a t i o n s  and d e c i s i o n s  where 
a n  element  was determined by two o r  more methods, 



TABLE J--ANALYTICAL PROCEDURES USED 
TO DETERMINE TRACE ELEMENT VALUES 
IN WHOLE COAL AND BENCH SAMPLES 

TABLE K-ANALYTICAL PROCEDURES USED TO DETERMINE 
TRACE ELEMENT VALUES IN FLOAT-SINK SAMPLES 

E l e m e n t  P r o c e d u r e  E l e m e n t  P r o c e d u r e  

R b ,  C s ,  B a ,  G a ,  I n ,  A s ,  
S b ,  Se ,  I ,  Sc, H f ,  T a ,  
W, L a ,  C e ,  S m ,  E u ,  T b ,  
D y ,  L u ,  T h ,  U ,  Y b ,  ( A u )  

N a ,  R b ,  C s ,  B a ,  G a ,  A s ,  
S b ,  Se, Sc ,  H f ,  T a ,  L a ,  
C e ,  S m ,  E u ,  T b ,  D y ,  L u  
T h ,  U ,  Y b  

K ,  B r  

I N A A  

I N A A ,  X R F  N a ,  K ,  B r ,  F e  I N A A ,  X R F  

C 1  I N A A ,  X R F ,  ASTM F e ,  Mg, C a ,  A l ,  S i ,  P ,  X R F  
T i ,  C 1  

M g ,  C a ,  A l ,  S i ,  P ,  T i  X R F  
Be, Z r  

A g ,  S n  

C r ,  C o  

C u ,  N i  

H g  

O E - P ,  OE-DR 

OE-P 

O E - P ,  OE-DR, I N A A  

O E - P ,  OE-DR, AA 

NAA ( R c  1 

B e ,  G e ,  Z r  O E - P ,  OE-DR 

C r ,  C o ,  Mo O E - P ,  OE-DR, I N A A  

A g ,  S n  OE-P 

N i ,  Z n  O E - P ,  OE-DR, AA, X R F  

NAA ( R c  1 

OE-DR 
OE-DR 

O E - P ,  AA 
P b  O E - P ,  AA 

OE-DR, INAA 

O E - P ,  OE-DR, X R F  
S r  OE-DR, I N A A  

F I S E  
AA, O E - P ,  OE-DR, X R F  

O E - P ,  I N A A  
V O E - P ,  OE-DR, X R F  

CU O E - P ,  OE-DR, AA 
C d AA, OE-DR 

Mn O E - P ,  I N A A  

C d  AA, OE-DR 
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Beryl l ium- OE-P and OE-DR d a t a  were i n  good agreement and were 
averaged .  

Bromine - Average of  I N A A  and XRF d a t a .  Agreement between t h e  
methods was good f o r  moderate  t o  h i g h  va lue s .  For t h e  low v a l u e s  I N A A  
d a t a  were p r e f e r e n t i a l l y  used because  t h e  t e chn ique  had b e t t e r  
s e n s i t i v i t y ,  

Cadmium - Average of AA and OE-DR d a t a ,  Where t h e r e  was a  cho ice  
o f  lower  l i m i t s  o r  a  cho i ce  between lower l i m i t s  and a  r e a l  v a l u e ,  t h e  
A A  v a l u e  was u s u a l l y  chosen.  I n  g e n e r a l ,  t h e  agreement was good 
between t h e  two t e chn iques .  The r e c e n t l y  developed OE-DR procedure 
proved t o  be v e r y  e f f e c t i v e ,  

Chlor ine  - Average o f  I N A A ,  XRF, and ASTM da t a .  I n  g e n e r a l ,  t h e  
XRF v a l u e s  were s l i g h t l y  h i g h e r  and t h e  I N A A  v a l u e s  were s l i g h t l y  
lower  t han  t h e  ASTM d a t a ,  Only XRF d a t a  were used f o r  f l o a t - s i n k  
samples .  

Chromium - Average o f  I N A A ,  OE-DR, and OE-P d a t a ,  Agreement among 
t h e  t h r e e  methods was good, I n  a  few i n s t a n c e s ,  I N A A  appeared  t o  have 
a  h igh  b i a s ,  

Cobal t  - I N A A ,  OE-P, and OE-DR d a t a  were i n  e x c e l l e n t  agreement ,  
R e s u l t s  by t h e s e  methods were averaged.  

Copper - Average o f  A A ,  OE-P, and OE-DR d a t a ,  I n  g e n e r a l ,  t h e  
agreement  was good. The XRF d a t a  were excluded because  o f  a  
c o n s i s t e n t l y  h igh  b i a s .  

Germanium - Average o f  OE-P and OE-DR d a t a ,  I n  t h o s e  c a s e s  where 
a n  u n c e r t a i n t y  a r o s e ,  t h e  OE-DR r e s u l t s  were u s u a l l y  chosen,  

I r o n  - Average o f  I N A A  and XRF d a t a ,  The agreement was on ly  f a i r  
between t h e  two methods, The I N A A  d a t a  tended t o  have a  h igh  b i a s  i n  a  
number of samples ,  Only t h e  XRF d a t a  were used f o r  t h e  f l o a t - s i n k  
samples ,  

Lead - Average o f  OE-P and A A  d a t a .  I n  t h o s e  c a s e s  where a  cho ice  
o f  l i m i t s  e x i s t e d ,  t h e  AA r e s u l t s  were u s u a l l y  chosen,  I n  g e n e r a l ,  t h e  
two s e t s  o f  d a t a  were i n  good agreement ,  S ince  LTA (150°C) was used 
f o r  A A ,  and s i n c e  HTA (500°C) was used f o r  OE-P, t h i s  conf i rms  
p r e v i o u s  f i n d i n g s  t h a t  Pb appea r s  t o  be q u a n t i t a t i v e l y  r e t a i n e d  i n  t h e  
h igh- tempera ture  a s h  sample, 

Manganese - Average o f  I N A A  and OE-P d a t a  wi th  good agreement.  
Samples C-18820 through C-19000 a r e  based on OE-P r e s u l t s  only.  
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Molybdenum - Average o f  I N A A ,  OE-P, and OE-DR d a t a ,  The I N A A  d a t a  
o c c a s i o n a l l y  t ended  t o  have a  h igh  b i a s  a t  t h e  lower v a l u e s ,  The 
agreement among t h e  t h r e e  t e chn iques  was o n l y  f a i r ,  The XRF d a t a  were 
n o t  used s i n c e  t h e y  were n e i t h e r  c o n s i s t e n t  nor  comparable,  

Nicke l  - Average of  A A ,  OE-P, OE-DH, and XRF d a t a ,  The agreement 
was g e n e r a l l y  good among t h e  f o u r  t e chn iques  w i th  XRF r e s u l t s  
o c c a s i o n a l l y  be ing  excluded f o r  hav ing  a  h igh  b i a s .  

Potassium - Average o f  I N A A  and XRF d a t a ,  Agreement was good f o r  
t h e  two t e chn iques ,  Only t h e  I N A A  d a t a  were used f o r  c l ay -  and 
rock-type samples  i n  t h e  bench s e t s ,  

Sodium - Average o f  I N A A  and XRF d a t a ,  Agreement was very  good a t  
moderate  t o  h igh  c o n c e n t r a t i o n s .  A t  t h e  lower  c o n c e n t r a t i o n s  I N A A  d a t a  
were chosen because of  g r e a t e r  s e n s i t i v i t y ,  Only t h e  I N A A  d a t a  were 
used f o r  f l o a t - s i n k  samples ,  

S t ron t ium - Average o f  OE-DR and I N A A  d a t a .  The methods agreed  
w e l l  i n  t h e  low t o  i n t e r m e d i a t e  c o n c e n t r a t i o n s ;  a t  h i g h e r  
c o n c e n t r a t i o n s ,  t h e  I N A A  r e s u l t s  were u s u a l l y  used.  

Vanadium - Average o f  XRF, OE-DR, and OE-P d a t a  wi th  on ly  f a i r  
agreement ,  Some I N A A  r e s u l t s  were ob t a ined  on s e v e r a l  samples  f o r  
con f i rma t ion ,  

Zinc - Average o f  A A ,  OE-P, OE-DR, and XRF d a t a ,  The agreement 
among t h e  f o u r  t e chn iques  was on ly  f a i r  owing t o  inhomogeneity o f  t h e  
samples  f o r  Zn, I N A A  r e s u l t s  were n o t  cons ide r ed  because of  r e s o l u t i o n  
problems, 

Zirconium - Average o f  OE-P and OE-DR d a t a  w i th  good agreement ,  
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