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INTRODUCTION 

Although t r a c e  element data e x i s t  f o r  thousands o f  coal  samples, more w i l l  be 
requ i red  t o  b e t t e r  e l u c i d a t e  t r a c e  element t rends  w i t h i n  coal  bas ins and t o  he lp  
dec ipher  t h e  geo log ica l  and geochemical c o n t r o l s  on t r a c e  element d i s t r i b u t i o n  and 
mode o f  occurrence. However, increased numbers o f  analyses w i l l  no t  necessa r i l y  
p r o v i d e  a l l  t h e  answers. We run  t h e  r i s k  o f  ending up i n f o r m a t i o n  r i c h  but  knowl- 
edge poor. 

t h e  l i t e r a t u r e .  
coal  (1-4). 
va lue i n  e l u c i d a t i n g  j u s t  one aspect o f  coal  geochemistry: 
t r a c e  element v a r i a t i o n s .  

below 0.1 w t .  % (1000 ppm). Desp i te  concen t ra t i ons  i n  t h e  p a r t s - p e r - m i l l i o n  range, 
c e r t a i n  t r a c e  elements can have a s i g n i f i c a n t  impact on coal  u t i l i z a t i o n .  F o r  
example, t h e  c h a l c o p h i l e  elements As, Cd, Hg, Pb, and Se, which a re  re leased du r ing  
coal  combustion o r  leached f rom coal  waste products ,  can present  s i g n i f i c a n t  en- 
v i ronmenta l  hazards; halogens such as C1 and F can cause severe b o i l e r  corros ion,  
and v o l a t i l i z e d  N i  o r  V can cause co r ros ion  and p i t t i n g  o f  meta l  sur faces.  More- 
over ,  a l though n o t  s t r i c t l y  a t r a c e  element, sodium, even i n  smal l  concentrat ions,  
can c o n t r i b u t e  t o  b o i l e r  f o u l i n g  o r  t o  agglomerat ion o f  f l u i d i z e d - b e d  reac to rs .  On 
t h e  p o s i t i v e  s ide ,  some t r a c e  elements (e.g., G e ,  Zn, U, Au) may e v e n t u a l l y  prove t o  
be economic by-products ,  and o t h e r s  may be u s e f u l  i n  h e l p i n g  t o  understand deposi- 
t i o n a l  environments (e.g., B )  and t o  c o r r e l a t e  coal  seams (5,6). 

emiss ion spectroscopy. Recent s tud ies  (3,4,12,13) have employed q u a n t i t a t i v e  m u l t i -  
element i ns t rumen ta l  methods. 
s u i t e d  f o r  c e r t a i n  elements than  f o r  o thers,  a combinat ion o f  methods i s  u s u a l l y  
necessary t o  determine a l l  elements o f  i n t e r e s t .  Methods f o r  de te rm in ing  t r a c e  
elements i n  coal must be accurate and p rec i se .  
should determine a l a r g e  number o f  elements o f  i n t e r e s t  s imul taneously ,  r e q u i r e  
r e l a t i v e l y  l i t t l e  sample p repara t i on ,  be capable o f  automation, produce an output  
compat ib le  w i t h  computer ized data process ing,  and be rap id .  

Trace element concen t ra t i ons  i n  coa l  show v a r i a t i o n s  f rom a microscopic  t o  a 
wor ldwide scale.  
a t i o n s  Occur w i t h i n  and between coal  bas ins.  The r e s t  o f  t h e  paper w i l l  d iscuss 
f a c t o r s  t h a t  cause these  v a r i a t i o n s ,  

The purpose of t h i s  paper i s  t o  g i v e  our  a n a l y s i s  o f  coal  t r a c e  element data i n  
Several va luab le  comp i la t i ons  o f  t r a c e  element data e x i s t  f o r  U.S. 

t h e  f a c t o r s  i n f l u e n c i n g  
We have borrowed f r e e l y  f rom these  comp i la t i ons  t o  i l l u s t r a t e  t h e i r  

Trace elements a r e  g e n e r a l l y  de f i ned  as those elements w i t h  concen t ra t i ons  

I n  e a r l y  s tud ies  o f  t r a c e  elements i n  coa l  ( 7 - 1 1 ) ,  coal  ash was analyzed us ing  

Because a p a r t i c u l a r  a n a l y t i c a l  t echn ique  i s  b e t t e r  

I n  a d d i t i o n ,  i f  poss ib le ,  they 

From a resource e v a l u a t i o n  pe rspec t i ve ,  t h e  most s i g n i f i c a n t  v a r i -  
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DISCUSSION 

Ash Re la ted  V a r i a t i o n s  

The amount o f  ash i n  a coa l  i s  a ma jor  f a c t o r  i n f l u e n c i n g  t r a c e  element con- 
t e n t .  I n  general,  t r a c e  element concent ra t ions  inc rease as ash conten t  inc reases .  
Th is  r e l a t i o n s h i p  r e f l e c t s  t h e  f a c t  t h a t  most i n o r g a n i c  elements i n  coal  a r e  assoc i -  
a ted  w i t h  minera ls  (5) .  F igures  1 and 2 i l l u s t r a t e  t h i s  r e l a t i o n s h i p  f o r  K i n  
eas tern  Kentucky coa ls  and f o r  T i  i n  coa ls  f rom t h e  U i n t a  Region. 

among coa l  basins. Table I compares t r a c e  element da ta  f o r  coa ls  f rom t h e  Black 
Mesa F i e l d ,  t h e  Powder R i v e r  Region, and t h e  San Juan Region. As shown i n  Table I, 
t h e  concent ra t ions  o f  t h e  f o l l o w i n g  elements inc rease as t h e  ash conten ts  o f  t h e  
coa ls  inc rease:  S i ,  A l ,  Na, K, Cu, Th, V, L i ,  Pb, and Se. The reason f o r  t h e  v a r i -  
a t i o n  o f  these elements w i t h  ash conten t  i s  t h a t  most are,  o r  were, assoc ia ted  w i t h  
t h e  s i l i c a t e  ( d e t r i t a l )  m i n e r a l s  brought i n t o  t h e  d e p o s i t i o n a l  basins d u r i n g  t h e  
fo rmat ion  o f  t h e  coals.  Chemical a l t e r a t i o n  o f  m i n e r a l s  w i t h i n  t h e  c o a l  bas in  can 
r e m o b i l i z e  some elements, which then p r e c i p i t a t e  as a u t h i g e n i c  n o n s i l i c a t e  minera ls ,  
e.g., Cu and Pb, as s u l f i d e s  o r  se len ides  (14 ) .  The good c o r r e l a t i o n  between e l e -  
ment concent ra t ion  and ash conten t  i n d i c a t e s  t h a t  most elements have remained w i t h i n  
t h e  coal  bas in  d e s p i t e  r e m o b i l i z a t i o n  (15) .  

The above r e l a t i o n s h i p  a l s o  ho lds  when comparing t r a c e  element concent ra t ions  

Table I. Concentrat ions o f  Se lec ted  Elements i n  Coal Samples 

Black Mesa Powder R i v e r  San Juan 

f rom Black Mesa, Powder R i v e r ,  and San Juan Regions' 

Ash, X 
S i ,  % 
A l ,  % 
Ca, X 
Mg. % 
Na, I 
K, % 
Fe, % 
T i ,  X 

8.0 
1.1 
0.69 
0.78 
0.1 
0.09 
0.04 
0.31 
0.05 

9.9 
1.5 
0.78 
1.1 
0.2 
0.1 
0.05 
0.54 
0.04 

Cu, ppm 5.5 
Th, ppm 2.2 
Zn, ppm 5.6 
C r ,  ppm 3 
N i ,  ppm 2 
v,  PPm 7 
Mn, ppm 9.7 
L i ,  ppm 3.9 
Pb, ppm 2.7 
Se ,  ppm 1.6 
Ba, ppm 300 
Sr,  ppm 150 
Nb, ppm 1.5 
Zr ,  ppm 15 15  50 
1Oata f rom Reference 4; r e s u l t s  a r e  c a l c u l a t e d  on a mois tu re-  

f r e e  coal  b a s i s  (mf c o a l ) .  

11.2 
4.3 

20 
7 
5 

1 5  
51 
5.9 
5;6 
1.7 

300 
200 

1.5 

21.1 
5.4 
2.7 
0.67 
0.1 
0.2 
0.16 
0.54 
0.11 

13.3 
5.9 

15.1 
5 
3 

20 
29 
19.7 
13.1 
2 

300 
100 

3 

Elements no t  i n c r e a s i n g  i n  c o n c e n t r a t i o n  w i t h  ash conten t  a r e  g e n e r a l l y  t h o s e  
w i t h  ( a )  organic a f f i n i t i e s  (Ca, Mg, S r ,  Ea); ( b )  s u l f i d e  a f f i n i t i e s  (Fe, Zn); ( c )  
carbonate a f f i n i t i e s  (Ca, Mn, Mg); o r  (d )  s u l f a t e  a f f i n i t i e s  (Ba, Sr, Ca). Su l -  
f i d e s ,  carbonates, and s u l f a t e s  are  g e n e r a l l y  e p i g e n t i c  phases. Presence o f  t h e s e  
phases a f fec ts  element c o n c e n t r a t i o n  more than ash content.  The concent ra t ions  o f  
Zr and Nb would be expected t o  inc rease w i t h  ash conten t .  The reason t h a t  t h i s  
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behavior i s  no t  apparent i n  Table I may be t h e  poor  r e s o l u t i o n  o f  t h e  technique 
( s e m i q u a n t i t a t i v e  spec t rograph ic  a n a l y s i s )  used t o  o b t a i n  t h e  data.  

Rank-Re1 a ted  V a r i a t i o n s  
I 

Several elements e x h i b i t  a d i s t i n c t  v a r i a t i o n  i n  c o n c e n t r a t i o n  w i t h  coa l  rank. 
Table I 1  i l l u s t r a t e s  t h e  general  decrease i n  c o n c e n t r a t i o n  o f  a l k a l i n e - e a r t h  
elements (Mg, Ca, S r ,  Ba), Na, and B w i t h  i n c r e a s i n g  coal  rank. It i s  genera l l y  
accepted t h a t  these elements a r e  assoc ia ted  w i t h  organ ic  f u n c t i o n a l  groups (e.g. ,  
c a r b o x y l i c  a c i d s )  i n  low-rank coals.  With i n c r e a s i n g  coal  rank, t h e s e  groups a r e  
destroyed, thus  d i s p l a c i n g  o r g a n i c a l l y  assoc ia ted  i n o r g a n i c  t r a c e  elements. 

Tab le  11. Rank-Related V a r i a t i o n s ’  

A n t h r a c i t e  Bi tuminous Subbituminous L i g n i t e  

Ca, % 0.07 0.33 0.78 
Mg, % 0.06 0.08 0.18 

B, ppm 10 50 70 
300 
100 

Na, % 0.05 0.04 0.10 

Ea, ppm 100 100 
Sr, ppm 100 100 
1Oata f rom Reference 1; m f  coal .  

1.2 
0.31 
0.21 

100 
300 
300 

Organic a s s o c i a t i o n  has been proposed f o r  o t h e r  t r a c e  elements, such as Be. Sb, Ge, 
U, and some halogens (3,16). Finkelman (15)  suggests t h a t  o rgan ic  assoc ia t ion  o f  
these elements i s  s i g n i f i c a n t  ma in ly  f o r  low-rank, low-ash coals.  

i n g  amount o f  d e t r i t u s  (F igure  3) .  Also,  n o t e  t h a t  t h e  concent ra t ions  o f  boron de- 
crease w i th  i n c r e a s i n g  ash conten ts  (Table I ) .  

V a r i a t i o n s  Due t o  Geochemical Fac tors  

Concentrat ions of o r g a n i c a l l y  bound elements i n  coal  can decrease w i th  increas- 

Geochemical f a c t o r s ,  such as Eh and pH d u r i n g  and subsequent t o  coal  format ion,  
can have dramat ic e f f e c t s  on t r a c e  element conten ts .  The e f f e c t  o f  these geochem- 
i c a l  f a c t o r s  can be seen i n  Tab le  111, i n  which s e l e c t e d  d a t a  f o r  Appalachian and 
I n t e r i o r  Prov ince  c o a l s  a r e  compared. Coals f rom b o t h  areas a r e  s i m i l a r  i n  rank and 
ash content,  b u t  t h e  I n t e r i o r  Prov ince  coa ls  have s i g n i f i c a n t l y  h i g h e r  contents of 
a l l  s i x  t r a c e  elements. The h i g h e r  conten t  o f  Ca i s  perhaps due t o  carbonate miner- 
a l i z a t i o n  ( h i g h  pH), whereas t h a t  o f  Fe, Cd, Pb, and Zn i s  a t t r i b u t a b l e  t o  s u l f i d e  
m i n e r a l i z a t i o n  ( l o w  Eh).  The h i g h e r  content o f  B i s  perhaps a t t r i b u t a b l e  t o  g rea ter  
marine i n f l u e n c e  ( h i g h  s a l i n i t y ) .  

Tab le  111. Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian and I n t e r i o r  Coal Basins 

Ash, % 
Ca, % 
Fe, % 

Appalachian’  

13.3 
0.12 
1.9 

Cd, ppm 0.7 
Pb. ppm 15.3 
Zn. oom 20 

~ , ,  
B, ppm 30 
1Data  f rom Reference 2; m f  coa l .  
2Data  f rom Reference 4; m f  coa l .  

I n t e r i o r 2  

15.7 
1.2  
3.3 

7.1 
55 

373 
100 

30 



The occurrence o f  c l e a t - f i l l i n g  s p h a l e r i t e  and galena i n  t h e  I n t e r i o r  Prov ince  
coa ls  i s  a c l a s s i c  example o f  how e p i g e n t i c  m i n e r a l i z a t i o n  can a f f e c t  t r a c e  element 
content (17).  Dramat ic i n t r a -  and in te rseam v a r i a t i o n s  a r e  common. Cobb (18) r e -  
p o r t s  t h a t  z i n c  conten t  f r o m  benches o f  t h e  H e r r i n  (No. 6 )  coa l  v a r i e d  f rom 20 t o  
14,900 ppm. 

V a r i a t i o n s  Due t o  Geologic Fac tors  

Ash chemistry i s  another  impor tan t  f a c t o r  a f f e c t i n g  t r a c e  element v a r i a t i o n s .  
I t s  i n f l u e n c e  i s ,  however, g e n e r a l l y  more s u b t l e  than t h e  o t h e r  f a c t o r s .  
Table I V  t h e  t r a c e  element conten ts  a r e  compared f o r  Appalachian Prov ince  coa ls  and 
Wasatch P la teau coals.  Both  a r e  bi tuminous coa ls  w i t h  s i m i l a r  ash conten ts  and 
rank. 
coa ls  a re  lower  than those o f  Appalachian coa ls .  The lower  conten t  o f  c h a l c o p h i l e  
elements i n  Wasatch coa ls  may be due t o  a lower  p y r i t e  conten t .  The lower  concen- 
t r a t i o n  o f  l i t h o p h i l e  elements (e.g., L i ,  Z r ,  Nb, Th, Sc, Y )  b u t  h i g h e r  S i  con ten t  
may r e f l e c t  a h i g h e r  q u a r t z  conten t  i n  t h e  d e t r i t a l  component o f  Wasatch coa ls ;  
t h i s ,  i n  t u r n ,  may be a r e f l e c t i o n  o f  d i f f e r e n c e s  i n  t h e  minera logy  o f  t h e  source 
rocks. 

I n  

However, w i t h  a few except ions,  t h e  t r a c e  element conten ts  o f  t h e  Wasatch 

Table I V .  Concent ra t ions  o f  Se lec ted  Elements i n  Coal Samples 
f rom Appalachian Prov ince  and Wasatch Coal F i e l d  

Appalachian'  Wasatch2 

Ash, % 13.3 11.3 
Ca, % 0.2 0.41 
Fe, % 1.9 0.26 

0.7 
27.6 
15.3 

1.4 
20 
30 

5 
15 
50 
27 
24 
80 
4.9 

100 
7 

20 
3 
5 

20 

0.06 

5.8 
1.2 

16 

11 
100 
0.3 
5 

30 
0.8 
9.3 

67 
1.8 

1.5 

0.7 

70 

10 

3 
15 

10 7 
'Data f rom Reference 6; m f  coa l .  
20ata f rom Reference 19; m f  coal .  

Other Fac tors  A f f e c t i n g  Trace Element Content 

Other f a c t o r s  t h a t  c o u l d  mod i fy  t h e  ash chemis t ry  o r  t h e  a v a i l a b i l i t y  o f  t r a c e  
elements i n c l u d e  t h e  s a l i n i t y  o f  waters i n  contac t  w i t h  t h e  coa l  o r  peat,  t h e  t y p e  
of chemical weather ing process ( a r i d  vs. humid), and h y d r o l o g i c  c o n d i t i o n s  (Br and 
C1 may be e s p e c i a l l y  s e n s i t i v e  t o  t h i s  f a c t o r ) .  
p o o r l y  understood. 

I n  general ,  these f a c t o r s  a re  s t i l l  
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CONCLUDING COMMENTS 

I n  t h i s  paper, we made seve ra l  broad g e n e r a l i z a t i o n s  rega rd ing  f a c t o r s  t h a t  
i n f l u e n c e  t r a c e  element v a r i a t i o n s .  We urge t h a t  i n  i n t e r p r e t a t i v e  work these gen- 
e r a l i z a t i o n s  be a p p l i e d  c a r e f u l l y .  

A c r i t i c a l  e v a l u a t i o n  o f  e x i s t i n g  t r a c e  element data would probably  r e s u l t  i n  
i d e n t i f i c a t i o n  o f  anomalous va lues and e l i m i n a t i o n  o f  suspect data. Several ques- 
t i o n s  might  be answered by such an eva lua t i on ;  f o r  example, do t h e  two K values i n  
t h e  high-ash r e g i o n  o f  F i g u r e  1 d e v i a t e  s i g n i f i c a n t l y  from t h e  t r e n d  o f  t h e  o the r  
data because o f  a n a l y t i c a l  e r r o r s  o r  r e c o r d i n g  e r r o r s ?  Are they  l e g i t i m a t e  geochem- 
i c a l  anomalies? We encourage a n a l y t i c a l  chemists and geo log is t s  t o  i n t e r a c t  c l o s e l y  
because t h i s  i s  one o f  t h e  bes t  ways t o  improve t h e  q u a l i t y  o f  a n a l y t i c a l  methodol- 
ogy and data, and geo log ica l  i n t e r p r e t a t i o n .  

The n a t u r e  o f  t r a c e  element v a r i a t i o n s ,  f o r  whatever cause, h i g h l i g h t s  t h e  
need t o  more j u d i c i o u s l y  s e l e c t  r e p r e s e n t a t i v e  samples f o r  r e l i a b l e  q u a n t i t a t i v e  
analyses. 

S t a t i s t i c a l  techniques,  such as p r i n c i p a l  component ana lys i s ,  should h e l p  i n  
r e s o l v i n g  t h e  i n f l u e n c e  o f  t h e  f a c t o r s  a f f e c t i n g  t r a c e  element v a r i a t i o n s  i n  coal. 

It i s  hoped t h a t  t h i s  paper w i l l  encourage more d e t a i l e d  s tudy o f  f a c t o r s  i n -  
f l u e n c i n g  t r a c e  element v a r i a t i o n s  i n  coals .  
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Figure 1.  Relationship between K concentration in the  coal and 
ash content for  34 coals from eastern Kentucky. R = 0.86. Data 
from Reference 1. 
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Figure 2. Relationship between Ti concentration in the coal a n d  
ash content for  26 coals from the U i n t a  Region. R = 0.86. Data 
from Reference 1 .  
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Figure 3 ,  Relationship between Ca concentration in the coal and  
ash content f o r  17 coals and shales from the Emery Coal Field. 
R = -0.57. Data from Reference 18. 
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