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Analyt ica l  d a t a  a r e  given f o r  67 chemical elements and r e l a t e d  parameters 
and 8 minera logica l  components i n  102 newly co l l ec t ed  samples of coa l  from 
t h e  Spr ing f i e ld  and Herr in  Coals, t h e  two p r i n c i p a l  coa l  seams mined 
throughout t h e  I l l i n o i s  Basin Coal F ie ld .  (This f i e l d  extends from 
I l l i n o i s  i n t o  southwestern Indiana and western Kentucky.) These d a t a  were 
combined with equiva lent  da t a  f o r  128 o the r  samples s tud ied  previous ly  
(Gluskoter e t  a l . ,  1977, Rao and Gluskoter,  1973, and Ward, 1977) t o  
eva lua te  t h e  s t a t i s t i c a l  v a r i a t i o n  and a r e a l  d i s t r i b u t i o n  of i m p u r i t i e s  
of p o t e n t i a l  environmental concern. The two seams s tud ied  account f o r  
more than 90 percent  of t h e  coa l  produced i n  t h e  I l l i n o i s  Basin Coal F i e l d  
and about 75 percent  of t he  i d e n t i f i e d  coa l  reserves  i n  t h i s  coa l  f i e l d .  
The samples analyzed represent  t h e  c o a l  a s  i t  occurs  i n  t h e  ground, 
exc lus ive  of major s h a l e  in t e rbeds  and l a r g e  mineral nodules encountered 
in& the  seam a t  c o l l e c t i o n  s i t e s ,  

The s u l f u r  content  of t hese  two seams i s  gene ra l ly  too high t o  meet cu r ren t  ' 

environmental requirements.  Analy t ica l  da t a  on s u l f u r  and t h e  o t h e r  elements 
of g r e a t e s t  and moderate p o t e n t i a l  environmental concern and t h e i r  r eg iona l  
d i s t r i b u t i o n  a r e  summarized i n  t h i s  r e p o r t .  

Two samples from each seam were subjected t o  washabi l i ty  t e s t s ,  which 
involve f loa t - s ink  sepa ra t ions  of t h e  samples i n t o  var ious  s p e c i f i c  
g r a v i t i e s  i n  t h e  range of l e s s  than 1 . 3  t o  g r e a t e r  than 1.6. Analyses of 
these  f r a c t i o n s  combined wi th  s i m i l a r  da t a  f o r  two o t h e r  samples from t h e  
Herr in  provide elemental  compositions corresponding t o  t h a t  of washed c o a l ,  
such a s  80 percent  recovery of coa l  ma te r i a l .  This  recovery is  bel ieved t o  
approximate t h e  coa l  product from many e x i s t i n g  coa l  prepara t ion  (washing) 
p l a n t s .  These r e s u l t s  make i t  poss ib l e  t o  e s t ima te  t h e  average expected 
elemental composition of washed coal  products  f o r  a l l  of t h e  samples 
s tudied .  The expected va lues  f o r  t h e  elements of concern a r e  given i n  
t a b l e  i. 

None of t h e  elements except s u l f u r  i s  thought t o  be  present  i n  s u f f i c i e n t  
q u a n t i t i e s  i n  washed coa l s  t o  cause environmental problems a s soc ia t ed  wi th  
combustion; however, t r a c e  element ana lyses  of waste m a t e r i a l s  from prep- 
a r a t i o n  p l a n t s  processing coa l s  from t h e  Spr ing f i e ld  and Herr in Coals need 
t o  be made. 

Maps included i n  t h i s  r e p o r t  show a r e a l  d i s t r i b u t i o n s  of t h e  concent ra t ions  
of sodium, ch lo r ine ,  and o t h e r  d e l e t e r i o u s  elements i n  t h e  two coa l  seams. 



TABLE i. Summary: Concentration of chemical elements and mineral matter of environmental concern in samples of the Herrin (H) 
and Springfield (S) Coals and trends in the regional distribution of these constituents. 

Est imated 
Whole-coal samples 

average 
Common f o r  washed Regional  d i s t r i b u t i o n  w i t h i n  . 

U n i t s  Mean range Maximum c o a l s  t h e  I l l i n o i s  Basin Coal F i e l d  

Beryllirtm 

*Boron 

Chromium 

Copper 

F l u o r i n e  

*Lead 

*Molybdenum 

Nicke l  

"Selenium 

S i l v e r  

*Sul fur  

Thal l ium 

Thorium 

Uranium 

CHEMICAL ELEMENTS 

MINERAL MATTER 

C a l c i t e  % 
(CaC03) 

Clays % 
( A l - S i l i c a t e s )  

P y r i t e  % 
(FeS2) 

Quartz % 
(Si0.2) 

Ash (750') % 

LTA % 

H: 26 c l u s t e r e d  i n  NU and SO Ill. 
S: >10 most ly a long  G a l a t i a  channel 

H & S: no apparen t  t r e n d s  

H :  somewhat h i g h e r  v a l u e s  i n  W 111. 
S: somewhat lower v a l u e s  a long  t h e  

G a l a t i a  channel  

H: >5 ( ? )  c l u s t e r e d  i n  NW and SE I l L  
S: >5(?)  c l u s t e r e d  i n  NW and S E I l L  

H & S: no apparen t  t r e n d s  

H: h i g h e r  v a l u e s  i n  NW Ill. 
S: no apparen t  t r e n d  

H & S :  no apparen t  t r e n d s  

H: >50 most ly i n  NW, EC and SE Ill. 
S: >30 most ly i n  SE Ill. 

H: N . 2  most ly i n  NW Ill. 
S: >0 .3  (few),  s c a t t e r e d  

H & S: no apparen t  t r e n d s  

H:  h i g h e r  v a l u e s  i n  NW Ill. 
S :  no apparen t  t r e n d s  

H & S :  no apparen t  t r e n d s  

i n s u f f i c i e n t  d a t a  

H: lower v a l u e s  i n  c e r t a i n  a r e a s  
n e a r  Walshvi l l e  channel  

S: lower v a l u e s  i n  c e r t a i n  a r e a s  
n e a r  G a l a t i a  channel  

H & S: no apparen t  t r e n d s  

H: >3 s c a t t e r e d  
S: >2 s c a t t e r e d  

I 

H & S: no apparen t  t r e n d s  

H & S: no apparen t  t r e n d s  

H & S: no apparen t  t r e n d s  

H & S: same a s  s u l f u r  above 

H & S: no apparen t  t r e n d s  

H: lower v a l u e s  i n  a r e a s  n e a r  
Walshvi l l e  channel  and i n  KY . 

S: lower v a l u e s  i n  c e r t a i n  a r e a s  
n e a r  G a l a t i a  channel  and i n  KY 

H & S: same a s  Ash above 
-- 

tH=Herrin Coal ;  S=Spr ingf ie ld  Coal; NW=northwestern; EC=east c e n t r a l ;  SE=southeastern;  
SO=southern; W=western. 

*Elements o f  g r e a t e s t  p o t e n t i a l  environmental  concern;  a l l  o t h e r  chemical e lements  l i s t e d  
a r e  of moderate p o t e n t i a l  concern (U.S. N a t i o n a l  Committee f o r  Geochemistry, 1980). 

2 



In  recent  yea r s  coa l  has  provided about 20 percent  of t h e  energy consumed 
i n  t h e  United S t a t e s  (DOE, 1981), About 50 percent  of a l l  t h e  e l e c t r i c  
power consumed i n  t h e  country i s  generated by combustion of c o a l  (NERC, 
1980)-this usage accounted f o r  72  percent  of t h e  coa l  produced i n  1979 
(DOE, 1980). I n  1980, 830 m i l l i o n  tons  of c o a l  was produced i n  t h e  
country (National  Coal Associa t ion) ;  thus,  about 600 m i l l i o n  tons  was 
used t o  genera te  t h e  e l e c t r i c i t y  consumed i n  1980. 

Su l fu r  i s  t h e  element of major environmental concern i n  c o a l ,  p r imar i ly  
because of i t s  adverse e f f e c t s  on a i r  qua l i ty .  Other gaseous compounds of 
concern a r e  t h e  oxides of carbon and n i t rogen r e l eased  i n t o  t h e  a i r  dur ing  
combustion of coa l .  These and other ,elements  of concern a r e  ind ica t ed  on 
t h e  pe r iod ic  t a b l e  of elements ( f i g .  I -1) ,  a s  adapted from t h e  r e p o r t  of 
t h e  National  Research Council Panel  on Trace Element Geochemistry of Coal 
Resource Development Related t o  Health (U.S. Nat ional  Committee f o r  
Geochemistry, 1980). 

I n  a d d i t i o n  t o  t h e  gaseous elements, t h e  NRCP r e p o r t  l ists t r a c e  elements 
of vary ing  degrees of concern, depending on a wide range of condi t ions .  
Trace elements considered of g r e a t e s t  concern a r e  a r s e n i c ,  boron, cadmium, 
lead ,  mercury, molybdenum, and selenium. These elements occur i n  c o a l ,  
and i n  r e s idues  from coa l  c leaning  and combustion, i n  amounts genera l ly  
g r e a t e r  than t h e i r  average amount i n  t h e  e a r t h ' s  c r u s t .  Arsenic,  cadmium, 
mercury, and lead  a r e  thought t o  be  h ighly  t o x i c  t o  most b i o l o g i c a l  systems. 
I f  coal-derived f l y ,  ash were disposed of on crop s o i l s ,  molybdenum and 
selenium might f ind  t h e i r  way t o  forage  crops,  making t h e  crop unsafe f o r  
animal consumption. Boron contamination i s  only a remote p o s s i b i l i t y ,  
but  might l ead  t o  some poisoning of p l an t s .  

Elements of moderate concern t o  t h e  Panel. included chromium, copper, 
f l u o r i n e ,  n i c k e l ,  vanadium, and z inc .  These elements a r e  p o t e n t i a l l y  t o x i c  
and occur i n  s l i g h t l y  enriched concent ra t ions  i n  some res idues  produced 
during coal  combustion. Elements c l a s s i f i e d  a s  of minor concern inc lude  
barium, s t ront ium,  sodium, manganese, coba l t ,  antimony, l i t h ium,  ch lo r ine ,  
and bromine. These elements f r equen t ly  occur i n  f l y  ash  i n  concent ra t ions  
g r e a t e r  than i n  t h e  average c r u s t a l  rock ma te r i a l .  Spec i f i c  adverse 
impact of t hese  elements i s  considered remote. 

Although t i n ,  beryllium, tha l l ium,  s i l v e r ,  and t e l lu r ium have some adverse 
e f f e c t s  upon hea l th ,  t hese  elements usua l ly  have n e g l i g i b l e  concent ra t ions  
i n  coa l .  

The r ad ioac t ive  elements (uranium and thorium and t h e i r  daughters)  a r e  
found i n  coa l  i n  amounts comparable t o  those  found elsewhere i n  na ture .  



Elements identified to be of some 
potential environmental concern 

Elements reported in this study (59) 

Figure 1-1. Elements determined for this study and those identified to be of some potential environmental concern-including elements of minor concern but with negligible concen- 
trations in coal and coal residues (U.S. National Committee for Geochemistry, 1980). 



The Panel considered t h e i r  e f f e c t s  on h e a l t h  t o  be n e g l i g i b l e ;  however, 
a t  t h e  time of t h e  Panel" sttudy, l i t t l e  information was a v a i l a b l e  on 
these  elements. 

I n  a d d i t i o n  t o  h e a l t h  cons idera t ions ,  t r a c e  and minor elements i n  c o a l  can 
cause a range of t e c h n i c a l  problems a s soc ia t ed  wi th  t h e  u t i l i z a t i o n  of coa l .  
Sodium and ch lo r ine  a r e  known t o  be  co r ros ive  i n  combustion processes.  
Sodium and vanadium may poison t h e  c a t a l y s t s  used f o r  coa l  l i q u e f a c t i o n  
(Alpert  and Wolk, 1981); calcium is  thought t o  be somewhat b e n e f i c i a l  
because it p a r t l y  ca t a lyzes  t h e  combustion processes (Essenhigh, 1981). 
It i s  thus  imperat ive t o  analyze chemical and mineral  impur i t i e s  and t h e i r  
v a r i a b i l i t y  i n  coa l s  so t h a t  these  p r o p e r t i e s  can be accura t e ly  evaluated.  

The primary o b j e c t i v e  of our  s tudy was t o  compile a d a t a  base on t h e  
c h a r a c t e r i s t i c s  and d i s t r i b u t i o n  of e$emer,ts of environmental concern i n  
t h e  two p r i n c i p a l  coa l  seams throughout t h e  I l l i n o i s  Basin Coal F ie ld .  
Because of t h e  expected a s s o c i a t i o n  of many of these  elements wi th  
minera l  mat te r  i n  t h e  coa l s ,  another  major o b j e c t i v e  was t o  i n v e s t i g a t e  t h e  
minera logica l  composition of the  coa ls ,  and evalua te  t h e  r e s u l t s  i n  terms 
of t h e  elemental  composition. 

Other s tudy ob jec t ives  were: (1) t o  determine l o c a l  and r eg iona l  v a r i a t i o n s  
of chemical and mineral  components i n  t h e  two  most important commercial 
seams i n  t h e  I l l i n o i s  Basin; (2)  t o  a s s e s s  t h e  abundance and v a r i a t i o n  of 
the  t r a c e  elements of environmental concern; and (3 )  t o  i n v e s t i g a t e  t h e  
s p a t i a l  d i s t r i b u t i o n  of t h e  t r a c e  elements and mineral  components throughout 
t h e  coa l s  i n  order  t o  f a c i l i t a t e  p red ic t ion  of t h e  p r o p e r t i e s  of t h e  two 
coa l s  i n  unexplored a r e a s  ~f t h e  basin.  

This p r o j e c t  i s  a cont inuat ion  of a major r e sea rch  e f f o r t  t o  c h a r a c t e r i z e  
t h e  minera l  and chemical c o n s t i t u e n t s  i n  I l l i n o i s  coa ls ,  i n i t i a t e d  some 18 
yea r s  ago a t  t h e  I l l i n o i s  S t a t e  GeoPegical Survey (ISGS). The previous 
work culminated i n  a r e p o r t  by Gluskote-mr e t  a l e  (1977): ISGS Ci rcu la r  499 
(C 499); i n  t h i s  r e p o r t ,  a n a l y t i c a l  d a t a  were given f o r  172 samples, 
inc luding  128 samples co l l ec t ed  from t h e  two c o a l  seams under i n v e s t i g a t i o n  
i n  t h e  present  study. Analy t ica l  d a t a  a r e  presented he re  f o r  102 new 
samples. Th i r ty  f i v e  of t hese  samples were co l l ec t ed  from mines and d r i l l  
cores  i n  t h e  Spr ing f i e ld  Coal, and 67 from mines and d r i l l  cores  i n  t h e  
Herrin Coal. The s t a t i s t i c a l  and geologica l  eva lua t ions  of t h e  chemical 
and mineral  compositions a r e  based on t h e  d a t a  from t h i s  r e p o r t  i d e n t i f i e d  
a s  MMC-80 and on t h e  d a t a  i n  C 499, Ana ly t i ca l  determinat ions repor ted  
he re  inc lude  76 chemical and minera logica l  p r o p e r t i e s  of each of t h e  samples 
co l l ec t ed  f o r  t h i s  p r o j e c t .  Many of t h e  C 499 samples had a l s o  been 
previous ly  analyzed f o r  t h e i r  mineral  mat te r  contents ;  some of t h e s e  d a t a  
were repor ted  by Rao and Gluskoter (1973) and o the r s  by Ward (1977). I n  
these  r e p o r t s  t h e  a r e a l  d i s t r i b u t i o n  of t h e  mineral  compositions were 
reported i n  terms of t h e  percentage of t h e  a sh  f r a c t i o n .  We have compiled 
those  d a t a  toge the r  wi th  our new da ta  and converted them t o  a more u s e f u l  
basis--percentage of t h e  whole coa l ,  The t r a c e  element d a t a  on C 499 
samples a r e  included i n  t h e  s t a t i s t i c a l  t rea tments  only. 



Addi t i ona l  t r a c e  element and mine ra log i ca l  d a t a  on t h e  S p r i n g f i e l d  and 
Her r in  Coals  a r e  a v a i l a b l e  a t  t h e  I n s t i t u t e  f o r  Mining and Minera l s  
Research, and a t  t h e  Kentucy and Ind iana  Geologica l  Surveys. 

The a b b r e v i a t i o n s  used throughout this r e p o r t  a r e  l i s t e d  i n  t a b l e  1-1, t h e  
chemical  e lements  and t h e i r  symbols i n  f i g u r e  1 - 2 .  Elements analyzed f o r  
t h i s  s t udy  a l s o  a r e  i n d i c a t e d  on t h i s  f i g u r e .  

LE I- 1. Abbreviations used in text and tables. 

A 
AA 
B 
Bi 
Btu 

CFC 

DC 
DL 
EDX 
F 
FC 

FIXC 
F S 

I NAA 
I S E  
L 

LTA 
M 

MOI S 
OE 
ORS 

PC 
P P ~  . 
PPm 
PY S 
R 

RM 
RN A A 
S 
SD 
SP 

SUS 
TO S 
l.lm 
VOL 
v 
W 
wc 
X 
XRF 
# 

angstrom u n i t  of l e n g t h  
atomic abso rp t ion  method of a n a l y t i c a l  chemis t ry  
purpose code f o r  bench s e t  
bench sample, i t h  bench ( l a y e r )  of seam; top bench i = 1 
B r i t i s h  thermal u n i t  of energy 

composite sample of 2 o r  more channels  of a n  impure* seam (FC) from t h e  
same mine; t h e  sample excludes  t h e  t h i c k  minera l  l a y e r s  
d r i l l  c o r e  sample 
d e t e c t i o n  l i m i t  f o r  t h e  i nd i ca t ed  element 
energy d i s p e r s i v e  x-ray method of a n a l y s i s  
f l o a t  sample of  t h e  i nd i ca t ed  g r a v i t y  
channel  ( f ace )  of  a n  impure* seam, t h e  sample excludes t h e  t h i c k  (>3/8") minera l  
l a y e r s  

f i x e d  carbon (C) i n  t h e  i nd i ca t ed  sample 
f l o a t - s i n k  sample: t h e  f l o a t  of t h e  i nd i ca t ed  g r a v i t y  and t h e  s i n k  of t h e  
g r a v i t y  i n d i c a t e d  f o r  t h e  preceeding sample 
i n s t rumen ta l  neu t ron  a c t i v a t i o n  a n a l y s i s  ( a n a l y t i c a l  method) 
i o n  s e l e c t i v e  e l e c t r o d e  method of a n a l y s i s  
l o c a l  a r e a  purpose (or  use)  code f o r  t h e  i nd i ca t ed  sample. fol lowed by t h e  
numerical  des igna t ion  of t h e  p a r t i c u l a r  l o c a l  a r e a  

low tempera ture  a s h e r  o r  r e s i d u e  from t h e  a she r  
mesh des igna t ion  (Tyler )  of  p a r t i c l e  s i z e ,  o r  minera l  purpose code 

mois ture ,  a s  rece ived  
o p t i c a l  emission method of a n a l y s i s  
o rgan ic  s u l f u r ,  a  v a r i e t y  of  s u l f u r  (S) i n  c o a l  

channel  sample of  a  pure* seam 
p a r t s  p e r  b i l l i o n  ( l o 9 )  
p a r t s  p e r  m i l l i o n  
p y t i t i c  s u l f u r ,  a  v a r i e t y  of  s u l f u r  (S) i n  c o a l  
r eg iona l  purpose (or  use)  code 

run of mine sample 
radiochemical  neut ron  a c t i v a t i o n  method of a n a l y s i s  
s i n k  sample of t h e  i n d i c a t e d  g r a v i t y ;  o r  s i z e  f r a c t i o n  purpose code 
s t anda rd  d e v i a t i o n  
s p e c i a l  sample of  v i t r a i n  o r  of a  minera l  

s u l f a t e  s u l f u r ,  a  v a r i e t y  of s u l f u r  (S) i n  c o a l  
t o t a l  s u l f u r  
a  m i l l i o n t h  of  a  meter  
v o l a t i l e  ma t t e r  con ten t  i n  t h e  i n d i c a t e d  sample 
purpose code f o r  hand picked v i t r a i n  samples 

washed sample of sample s e t  f o r  which washab i l i t y  ( f l oa t - s ink )  t e s t s  were made 
whole-coal sample types ;  i nc lude  FC, CPC, PC, CPC, DC, o r  RM 
a r i t h m e t i c  mean o r  average  
x-ray f l uo re scence  method of a n a l y s i s  
number o r  pounds 

*pure and impure seam o r  bench r e f e r s  t o  t h e  absence o r  presence  of l a y e r s  of minera l  
m a t t e r  t h a t  a r e  t h i c k e r  than  3/8  i nch  t h a t  occur i n  some p l a c e s  w i t h i n  c o a l  seams. 



Coal c o n s i s t s  mos t ly  of o rgan i c  m a t t e r  t h a t  burns ,  b u t  i t  a l s o  con t a in s  a 
v a r i e t y  of  i no rgan i c  i m p u r i t i e s  (minera l  m a t t e r )  t h a t  form a s h  du r ing  
combustion of t h e  c o a l .  The minera l  m a t t e r  comprises a l a r g e  v a r i e t y  of 
d i s t i n c t  m ine ra l  phases  and elements .  Most of t h e  t r a c e  and minor e lements  
i n  c o a l s  occur  w i t h i n  t h e  s t r u c t u r e  o r  on t h e  e x t e r n a l  s u r f a c e s  of t h e  
minera l  g r a i n s .  However, some t r a c e  e lements  a r e  a s s o c i a t e d  w i t h  t h e  
o rgan i c  m a t t e r ,  chemical ly  bound w i t h i n  C-H-0-N s t r u c t u r e s  of t h e  o rgan i c  
macera l s  ( s e e  t a b l e  11-2)  o r  chemica l ly  adsorbed t o  t h e i r - i n t e r n a l  
and e x t e r n a l  s u r f a c e s .  Some of t h e s e  e lements  w e r e  p a r t  of t h e  o r i g i n a l  
p l a n t  m a t e r i a l s  r e t a i n e d  dur ing  t h e  c o a l i f i c a t i o n  process ;  o t h e r s  were 
added l a t e r  by a v a r i e t y  of o t h e r  geo log i ca l  p roces se s ,  

It i s  impor tan t  t o  d i s t i n g u i s h  between t h e  two modes of occur rence  of 
t r a c e  e lements  because of t h e  c r i t i c a l  r o l e  each t ype  p l a y s  i n  terms of 
environmental  and engineer ing  processes .  

The mine ra l s  occu r r i ng  i n  I l l i n o i s  c o a l s  and t h e i r  chemical composi t ions  
a r e  l i s t e d  i n  t a b l e  11-1. Each mine ra l  l i s t e d  can,  and probably o f t e n  
does,  con t a in  some t r a c e  e lements  s u b s t i t u t e d  f o r  t h e  main c a t i o n s  c i t e d  
i n  t h e  t a b l e .  

Mineral  ma t t e r  i n  c o a l s  can  be c l a s s i f i e d  on t h e  b a s i s  of t h e  p h y s i c a l  
occur rences  of t h e  mine ra l s  w i t h i n  t h e  c o a l  and c o a l  seam. D i s c r e t e  
minera l  g r a i n s  occur  i n  c o a l s  i n  one of f i v e  modes of occur rences :  
disseminated ( t i n y  g r anu l a r  i n c l u s i o n s  w i th in  macera l s ) ;  layers ( o r  
p a r t i n g s  and l e n s e s  i n  which f ine-gra ined  mine ra l s  a r e  concent ra ted  i n  
l a y e r s  of v a r i a b l e  t h i c k n e s s ) ;  nodules ( i nc lud ing  c o n c r e t i o n s ) ;  fissures 
( j o i n t  o r  f r a c t u r e  f i l l i n g s ,  e s p e c i a l l y  i n  c l ea t - t ype  j o i n t s )  ; and rock 
fragments (megascopic masses of rock  occu r r i ng  i n  p l a c e  of c o a l  because 
of f a u l t i n g ,  slumping, o r  r e l a t e d  f e a t u r e s ) .  The main occur rences  of t h e  
mine ra l s  i n  I l l i n o i s  c o a l s  a r e  i n d i c a t e d  i n  Table  11-1, The mode of t h e  
occur rence  of  t h e  mine ra l s  a f f e c t s  mining ope ra t i ons  and c o a l  p r epa ra t i on .  
Thick l a y e r s  and abundant nodules  o r  r ock  fragments hamper mining. 
Disseminated mine ra l s  and t h e  t h i n n e r  (microscopic) l a y e r s  a r e  i n e f f i c i e n t l y  
removed from run-of-mine c o a l  by e x i s t i n g  c o a l  p r e p a r a t i o n  methods; however, 
m ine ra l s  occu r r i ng  i n  o t h e r  modes a r e  e f f i c i e n t l y  removed because of t h e  
g r e a t e r  d e n s i t y  of m ine ra l s  and rock fragments i n  comparison t o  t h a t  o f  
t h e  o rgan i c  ma t t e r .  Fu tu re  developments i n  t h e  f i n e  g r ind ing  and c l ean ing  
of f i n e  c o a l  w i l l  undoubtedly f a c i l i t a t e  removal of disseminated and 
micro layered  mine ra l  ma t t e r .  These t ypes  of m ine ra l  ma t t e r  a r e  c h i e f l y  
mix tures  of c l a y  mine ra l s ,  q u a r t z ,  p y r i t e  and t r a c e s  of accessory  
mine ra l s  ( t a b l e  11-1). Except f o r  disseminated p y r i t e  (mainly f ramboida l ) ,  
t h e  disseminated mine ra l s  may be de r ived  from t h e  i no rgan i c  m a t t e r  i n h e r i t e d  
from t h e  o r i g i n a l  p l a n t  m a t e r i a l s  (Sprunk and O ' ~ o n n e l l ,  1942; C e c i l  e t  
a l . ,  1979). 



TABLE HI- 1. Minerals occurring in Illinois coals, their stochiometric composition, and their modes of occurrence in the coals. 

Mineral  
Main p h y s i c a l  R e l a t i v e  

Composition Occurrences* Abundance 

SILICATES 

Clay mine ra l s  
i l l i t e  KA12 (A1Si3010 ) (OH) D , L , N  common 
k a o l i n i t e  A14Si4010 (OH) F9L,N,D(?) common 
mixed-layer Al2Si4OI0 (OH)2 XH20 L,D(?) common 

( i l l i t e  s m e c t i t e  = wi th  adsorbed c a t i o n s  and v a r i a b l e  water  c o n t e n t )  
c h l o r i t e  

Quartz 
Fe ldspar  group 
Zi rcon 

SULFIDES 

P y r i t e  
Marcas i te  
S p h a l e r i  t e  

CARBONATES 

C a l c i t e  
Dolomite ( a n k e r i t e )  
S i d e r i t e  

SULFATES 

B a r i t e  
Anhydr i t e 
Gyp sum 
Ro z e n i  t e  
M e l a n t e r i t e  
Coquimbite 
J a r o s i t e  

OTHERS 

Hemati te  
R u t i l e  
A p a t i t e  

PeS2( isometr ic )  
FeS2 (orthorhombic) 
ZnS 

r a r e  
common 
r a r e  
ve ry  r a r e  

common 
r a r e  
r a r e  

common 
r a r e  
r a r e  

r a r e  
r a r e  
r a r e  
r a r e  
r a r e  
r a r e  
r a r e  

r a r e  
r a r e  
r a r e  

-- 

*D = disseminated;  L - l aye red  ( i n  p a r t i n g s ) ;  N = nodules;  F = f i s s u r e s  ( c l e a t ) ;  
0 = Oxidat ion  product  of p y r i t e .  Each mine ra l  may a l s o  occur  i n  rock  fragments 
w i th in  coa l s .  See t e x t  f o r  d e t a i l s .  

ank of coals teste 

Rank i s  a  measure of t h e  degree of metamorphism t h e  c o a l  has  undergone 
du r ing  i t s  format ion w i t h i n  t h e  e a r t h ' s  c r u s t .  Metamorphism causes  
composi t ional  changes, p r i m a r i l y  i n  response t o  i nc r ea sed  temperature  
and p r e s s u r e  t h a t  accompany increased  dep th  of b u r i a l  i n  t h e  c r u s t .  

Seve ra l  chemical and p h y s i c a l  p r o p e r t i e s  of  t h e  o rgan i c  ma t t e r  a r e  
p r o g r e s s i v e l y  a l t e r e d  i n  response t o  metamorphism: mo i s tu r e ,  carbon,  
and, i n  p a r t ,  hea t i ng  (Btu) va lues .  I l l i n o i s  Basin c o a l s  a r e  h igh  v o l a t i l e  
bituminous i n  rank,  s u b c l a s s i f i e d  as h igh  v o l a t i l e  A, B, and C a s  
de f ined  by t h e i r  h e a t i n g  v a l u e  (ASTM, 1980). 



The p h y s i c a l  c o n s t i t u e n t s  comprising t h e  o r g a n i c  m a t t e r  a r e  c l a s s i f i e d  
a s  megascopic (observable  by eye) o r  a s  microscopic  (observable  w i th  t h e  
a i d  of a microscope) .  The terms used f o r  t h e s e  two systems of  c l a s s i f i -  
c a t i o n  a r e  o u t l i n e d  i n  t a b l e  11-2. 

Megascopically,  each of t h e  channel  samples t e s t e d  f o r  t h i s  s tudy  
c o n s i s t e d  of mix tu re s  of a t  l e a s t  t h r e e  d i f f e r e n t  c o a l  t ypes  ( t a b l e  11-2) 
i n t e r l a y e r e d  on a s c a l e  of 1 / 8  i nch  o r  s o .  Rare ly  do l a y e r s  of v i t r a i n ,  
f u s a i n ,  and d u l l  c o a l  exceed 3 /8  i nch  i n  I l l i n o i s  c o a l s .  The dominant 
t y p e  of c o a l  i n  t h e  samples s t u d i e d  i s  r e f e r r e d  t o  a s  bright-banded c o a l .  

Microscopica l ly ,  t h e  o rgan i c  ma t t e r  i n  c o a l s  is  c l a s s i f i e d  a s  one of  
s e v e r a l  macera l s ;  t h e  c l a s s i f i c a t i o n  of macera l s  used f o r  t h i s  s t udy  i s  
shown a t  t h e  bottom of t a b l e  11-2. A d i s c u s s i o n  of t h e  maceral  c o n s t i t -  
uen t s  of t h e  samples s t u d i e d  is  beyond t h e  scope of t h i s  s t udy ,  b u t  i t  i s  
important  t o  add t h a t  t h e  two c o a l  seams s tud i ed  a r e  cha rac t e r i zed  a s  h igh  
v i t r i n i t e  ( g e n e r a l l y  80 t o  85% by volume), low l i p t i n i t e  (ca .  5 t o  8% by 
volume), and i n t e rmed ia t e  i n e r t i n i t e  (ea .  8 t o  10% by volume). These 
f i g u r e s  were c a l c u l a t e d  on a minera l - f ree  b a s i s .  

TABLE 11-2. Megascopic and microscopic constituents of organic matter in Illinois coals. 

Megascopic c l a s s i f i c a t i o n  of I l l i n o i s  c o a l s  
(adapted from ASTM-D2797, 1980) (Minimum t h i c k n e s s  of l a y e r  f o r  s e p a r a t e  
d e s c r i p t i o n  is  3/8 i n c h )  

Coal t y p e  D e s c r i p t i o n  

v i t r a i n  sp lendent  l a y e r s  ( t h e  b r i g h t e s t )  
b r i g h t  banded c o a l  b r i g h t  and t h i n l y  banded l a y e r s  
d u l l  banded c o a l  r e l a t i v e l y  d u l l  l a y e r s  
f u s a i n  c h a r c o a l - l i k e  and d u s t y  l a y e r s  
canne lo id  c o a l  nonbanded, dense,  g reasy  l a y e r s  

Microscopic c l a s s i f i c a t i o n  of macera l s  f o r  I l l i n o i s  c o a l s  
(adapted from ASTMpD2797, 1980 and Teichmiiller,  1975) 

Group maceral :  V i t r i n i t e  L i p t i n i t e  I n e r t i n i t e s  

Nacera l  : V i t r i n i t e  S p o r i n i t e  F u s i n i t e  
Cut i n i t e  S e m i f u s i n i t e  
R e s i n i t e  M a c r i n i t e  (>10pm) 
A l g i n i t e *  M i c r i n i t e  (< lourn) 
F l u o r i n i t e *  S c l e r o t i n i t e  
B i t u m i n i t e  * 

*Trace c o n s t i t u e n t  i n  some I l l i n o i s  c o a l s  





Samples f o r  t h i s  s t udy  i nc lude  channel  and b lock  m a t e r i a l s  t aken  from mines 
and d r i l l  co re s  ( f i g .  111-1). Block samples c o n s i s t  of 1- t o  5-inch b locks  
taken  from p a r t i c u l a r  l a y e r s  i n  t h e  c o a l  seam t h a t  have a  unique l i t h o l o g i c  
a spec t .  Only a  few such samples were t aken  f o r  microscopic  s t udy .  Channel 
samples were ob ta ined  by c u t t i n g  a channel  of c o a l  m a t e r i a l  from t h e  t op  t o  
t h e  bottom of t h e  c o a l  seam normal t o  i t s  bedding. Channel samples a r e  

. r e p r e s e n t a t i v e  of t h e  whole c o a l ,  exc lu s ive  of major mine ra l  p a r t i n g s  
(>3/8  i n .  [ I  cm.]) i f  p r e sen t  w i t h i n  t h e  seam a t  t h e  sample s i t e .  Bench 
samples a r e  t aken  a s  a channel  bu t  t h e  s e v e r a l  l a y e r s  o r  benches of t h e  
seam a r e  t aken  s e p a r a t e l y .  The v a r i o u s  t ypes  of samples t e s t e d  f o r  t h i s  
p r o j e c t  a r e  o u t l i n e d  i n  t a b l e  111-1. These d e s i g n a t i o n s  conform t o  t h e  
sampling and sample t ype  codes de sc r ibed  by Gluskoter  e t  a l .  (1977). I n  
t h e  p r e sen t  r e p o r t  w e  u s e  t h e  term whole coal t o  i n c l u d e  a l l  t h e  sample 
t ypes  t h a t  r e p r e s e n t  t h e  e n t i r e  c o a l  a t  t h e  sampling s i t e  ( t a b l e  111-1). 
I n  t h i s  p r o j e c t  a purpose code was e s t a b l i s h e d  f o r  t h e  samples;  t h i s  code 
i s  a l s o  de sc r ibed  i n  t a b l e  111-1. 

P r e p a r a t i o n s  of t h e  samples i n  t h e  l a b o r a t o r y  f o r  a n a l y t i c a l  t e s t s  fol lowed 
t h e  procedures  g iven  i n  f i g u r e  111-1. 

TABLE 111- 1. Sample type and purpose codes. 

Sample code Purpose code 

I. WHOLE COAL SAMPLES 
FC (or  PC) channel 
CFC composite of 3-FC samples 
DC d r i l l  core  
RM run of mine from opera t ions  i n  a s i n g l e  

seam mine 

11. BENCH SAWLES 
B 1  subdivions of whole coa l  (bench s e t )  
B2 
J- 

111. WASHED COALS 
dens i ty  f r a c t i o n  of t h e  whole coa l  sample 

I V .  SIZED COALS 
p a r t i c l e  s i z e  f r a c t i o n  of t h e  whole coal  

sample 

V. SPECIAL SAMPLES 
SP (hand picked) 

v a r i a b i l i t y  i n  
r eg iona l  (R) 
and 
l o c a l  (L 
a r e a s  

v a r i a b i l i t y  
w i th in  t he  (B 
coa3 (seam) 

washabi l i ty  and (W) 
organic a f f i n i t y  

v a r i a b i l i t y  of 
p a r t i c l e  s i z e  (S) 

impur i t i e s  i n :  
v i t r a i n  (V) 
minerals  (MI 

V I .  BLOCK SAMPLES microscopic s t u d i e s  



COAL SAMPLE 
(CHANNEL) (BLOCK SPECIMEN) 

Mount (epoxy) 
and polish 

FlFl analyses analyses m b  separation 

FIGURE 111- I. Sample preparations used for coal analyses. 

ANALYTICAL METHODS I 
Chemical 

I I 
Mineralogical 1 

I 

ASTM procedures 

Moisture C 
Volatile matter H 
Fixed C N 
Ash 0 
Pyritic S S 
Organic S CI 
Sulfate S Btu 

Minor and X-ray diffraction (powder), 
trace elements optical microscopy, 

SEM and EDX 

Method Data reported Checked 
for accuracy 

I 4 

Atomic absorption (AA) Cd, Cu, Li, Ni, Pb, Zn Fe, Sr 

Instrumental neutron As, Br, Ce, Co, Cr, Cs, Dy, Eu, Ga, Ag, Ba, Fe, 
activation analysis (INAA) , 

Hf, I, In,La, Lu, Mn,Na, Rb,Sb, K, Mo, Ni, 
Sc,Se,Sm,Ta,Tb,Th, U,W,Yb Sr, Zn 

X-ray fluorescence (XRF) Al, Ca, Fe, K, Mg, P, Si, Ti S 

Energy dispersive X-ray (EDX) Ba, Sr, Zr 

Optical emission (OE) Ag, B, Be, Ge, Mo, TI, V Z r  

Ion selective electrode (ISE) F 

Radiochemical neutron 
activation analysis (RNAA) H g 

FIGURE 111-2. Methods used for analyses of coal samples. 



Methods used f o r  t h e  ana lyses  a r e  o u t l i n e d  i n  f i g u r e  111-2; d e t e c t i o n  
l i m i t s  and r e l a t i v e  p r e c i s i o n  of t h e  a n a l y t i c a l  v a l u e s  a r e  g iven  i n  t a b l e  
111-2. 

Methods and procedures  used f o r  t h e  s tandard  ana lyses  of c o a l  were those  
descr ibed  i n  t h e  s tandard  test methods of t h e  American Soc ie ty  f o r  Tes t i ng  
and Ma te r i a l s  (ASTM) Committee D-5 on Coal and Coke (ASTM, 1980) o r  t h e  
I n t e r n a t i o n a l  Standards Organiza t ion  (ISO) Technical  Committee 27, So l id  
Mineral  Fue ls .  The s tandard  number and a  b r i e f  o u t l i n e  of t h e  procedure 
used f o r  t h i s  s t udy  a r e  given i n  appendix A.  

Methods used f o r  ana lyses  of c o a l  samples i n  t h i s  s tudy  a r e  i nd i ca t ed  i n  
f i g u r e  11-2 and descr ibed  i n  d e t a i l  i n  appendix A. Each method provides  
t h e  h ighes t  accuracy and r e l i a b i l i t y  f o r  t h e  de te rmina t ion  of t h e  elements .  
l i s t e d  a s  "data  reported."  Because of t h e  wide range  of methods 
a v a i l a b l e ,  s e v e r a l  elements could be determined by two d i f f e r e n t  methods, 
a s  noted i n  f i g u r e  111-2; t h i s  provided a  va luab le  check on t h e  accuracy 
of t h e  r epo r t ed  va lues .  

TABLE 111-2. Detection limits (DL)* and average relative standard deviation (SD)* of the five analytical methods used. 

20. 15 (ASTMmethod: D L =  . 0 5 % , S D = 1 0 % )  
0.01 5 
0.5 10 
0.05 15 

2.5 6 

0.05 10 
0.01 5 
Method by i o n  se lec t i ve  e lec t rode:  DL = 1. ppm, SD = 5% 
50. 10 5. 5 0.01 1.9 
0.2 15 

7.5 17.3 
0.1 20 
Method by RNAA: DL = 0.005 ppm, SD = 20% 
0.2 20 
0.005 20 

15. 15 
5. 20 

(ASTM methods f o r  repor ted  data: DL = 0.1 %, SD = 10%) 
0.1 10 
0.01 10 

* SD values apply to results in this report on whole coal basis. DL values for elements analyzed by AA, XRF, EDX, and OE methods 
are based on element concentration in ash fraction. 
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FIGURE 111-3. Determinations of six elements in whole coals by two methods. 



The raw coa l  sample was t e s t e d  t o  ob ta in  t h e  a n a l y t i c a l  va lues  by 
ins t rumenta l  neutron a c t i v a t i o n  a n a l y s i s  (INAA), i on  s e l e c t i v e  e l ec t rode  
(ISE), and by radiochemical neutron a c t i v a t i o n  a n a l y s i s  (RNAA) methods; 
t h e  high temperature (500°c) a sh  was t e s t e d  by atomic absorpt ion  (AA), 
x-ray f luorescence  (XRF), energy d i s p e r s i v e  x-ray (EDX) and o p t i c a l  emis- 
s i o n  (OE) methods. A l l  a n a l y t i c a l  va lues  repor ted  h e r e i n  a r e  repor ted  on 
t h e  moisture-free whole coa l  b a s i s .  

nificance of minor an 

During t h e  course of t h i s  and o t h e r  i n v e s t i g a t i o n s  a t  ISGS, d a t a  have been 
compiled f o r  s e v e r a l  hundred coal  and coal - re la ted  ma te r i a l s .  Two o r  more 
a n a l y t i c a l  techniques were o f t e n  used f o r  t h e  determinat ion of an  element. 

Comparlson of r e s u l t s  from d i f f e r e n t  a n a l y t i c a l  techniques i s  u s e f u l  t o  
i d e n t i f y  e r r o r s  t h a t  might have occurred i n  t h e  processing of l a r g e  amounts 
of da t a .  For example, i f  r e s u l t s  f o r  a s i n g l e  element determined by two 
independent techniques were i n  l a r g e  disagreement,  t h a t  p a r t i c u l a r  element 
would be redetermined; however, i f  only one method was a v a i l a b l e ,  t h e  
e r r o r s  might go unnoticed. I n  many cases ,  t h e  choice of t h e  b e t t e r  method 
of a n a l y s i s  was e a s i l y  made; i n  o the r  cases  i n  which t h e  choice was 
unclear  s e v e r a l  years  ago, t h e  recommended va lues  repor ted  were t h e  
average of r e s u l t s  by two o r  more methods (Gluskoter et a l . ,  1977). 
The c r i t e r i a  used t o  make t h e s e  dec i s ions  were based on a  method's 
demonstrated p rec i s ion  and accuracy r e l a t i v e  t o  a v a i l a b l e  r e fe rence  
s tandards  and t h e  frequency of erroneous o r  biased r e s u l t s .  Examples of 
t h e  r e s u l t s  of comparisons of methods a r e  shown i n  f i g u r e s  111-3a-f. 
The comparison i s  shown g raph ica l ly  i n  s c a t t e r  p l o t s  t h a t  inc lude  t h e  
c a l c u l a t e d  r eg res s ion  l i n e  and c o r r e l a t i o n  c o e f f i c i e n t .  Comparison of 
a n a l y t i c a l  r e s u l t s  i s  e s p e c i a l l y  important i n  t h i s  s tudy,  i n  which r eg iona l  
t r ends  a r e  being evaluated and r e s u l t s  have been co l l ec t ed  over a  number 
of years .  

Figure 111-3a compares r e s u l t s  obtained by x-ray f luorescence  spectroscopy 
(XRF) with those  obtained by ins t rumenta l  neutron a c t i v a t i o n  a n a l y s i s  
(INM) f o r  potassium i n  70 whole coa l s .  The r e s u l t s  gene ra l ly  f a l l  near  
t h e  X = Y l i n e  and t h e  c o e f f i c i e n t  of t h e  r eg res s ion  (0.93) i s  good. 

Figure 111-3b compares XRF and I N A A  r e s u l t s  f o r  t h e  determinat ion of i r o n  
i n  68 whole coa l s .  The r e s u l t s  show more s c a t t e r  than t h a t  observed f o r  
potassium i n  f i g u r e  111-3a. The c o r r e l a t i o n  c o e f f i c i e n t  of t h e  r eg res s ion  
l i n e  i s  a l s o  lower (0.87),  and t h e  INAA r e s u l t s  a r e  sys t ema t i ca l ly  higher  
r e l a t i v e  t o  t h e  XRF da ta .  The s c a t t e r  becomes s i g n i f i c a n t  a t  i r o n  concen- 
t r a t i o n s  g r e a t e r  than 2 percent ;  t h i s  i n d i c a t e s  t h a t  sample homogeneity 
could be  a  problem, o r  t h a t  a  systematic  e r r o r  e x i s t s  between t h e  methods. 

I n  f i g u r e  111-3c, I N A A  r e s u l t s  f o r  t h e  determinat ion of selenium i n  25 
whole coa l s  a r e  compared wi th  those obtained by neutron a c t i v a t i o n  wi th  
a  radiochemical s epa ra t ion  (RNAA) procedure, The r e s u l t s  between t h e  two 
methods i s  i n  most cases  wi th in  k25 percent ,  which i n d i c a t e s  good 
agreement. 

Nickel r e s u l t s ,  determined by I N A A  and by atomic absorpt ion  spectroscopy 
(AA), a r e  compared i n  f i g u r e  111-3d. I n  t h i s  case ,  t h e  s c a t t e r  i s  probably ' 



due t o  r a t h e r  poor count ing  s t a t i s t i c s ,  which r e s u l t e d  i n  imprec i se  INAA 
r e s u l t s  . 
Determinat ions  of s t r on t i um i n  55 c o a l  samples, by INAA and by o p t i c a l  
emission spectroscopy (OED), a r e  compared i n  f i g u r e  111-3e. This  f i g u r e  
shows a  h igh  degree  of s c a t t e r ,  I n  t h i s  s tudy ,  s t r on t i um r e s u l t s  
ob ta ined  by M and XES were c o n s i s t e n t  w i t h  INM r e s u l t s ;  c o r r e l a t i o n  
c o e f f i c i e n t s  of 0.98 and 0 ,97 ,  r e s p e c t i v e l y ,  were ob ta ined .  

F igure  111-3f shows r e s u l t s  f o r  barium determined by INAA and by energy- 
d i s p e r s i v e  x-ray f l uo re scence  spectroscopy (EDX).  The agreement of t h e  
d a t a  on t h e  39 whole c o a l s  i s  w i t h i n  225 percen t  f o r  30 of t h e  39 p l o t t e d  
v a l u e s ,  A f a c t o r  t h a t  might have a f f e c t e d  t h e s e  r e s u l t s  i s  t h e  presence 
i n  t h e  c o a l  samples of d i s c r e t e  p a r t i c l e s  of  t h e  mine ra l  b a r i t e  (BaS04); 
t h e s e  may n o t  be  completely  homogenized by gr ind ing .  

A means of determining t h e  accuracy  and p r e c i s i o n  of t h e  r e s u l t s  of c o a l  
a n a l y s i s  is  t o  perform r epea t ed  ana ly se s  of s t anda rd  r e f e r e n c e  m a t e r i a l s  
dur ing  t h e  course  of an  i n v e s t i g a t i o n .  Rep l i ca t ed  INAA r e s u l t s  f o r  t h e  
s t anda rd  r e f e r e n c e  m a t e r i a l  NBS 1632 ob ta ined  from t h e  Na t iona l  Bureau of 
Standards  (NBS) were publ i shed  i n  Gluskoter  e t  ale (1977) and Ruch e t  a l e  
(1979). These d a t a  were g e n e r a l l y  c o n s i s t e n t  wi th  t h e  NBS c e r t i f i e d  
v a l u e s  and r e s u l t s  from Ondov e t  a l .  (1975).  However, NBS 1632 h a s  n o t  
been a v a i l a b l e  f o r  some t i m e .  

Tab le  111-3 compares our  r e s u l t s  of NBS 1632A wi th  t h o s e  r epo r t ed  by 
Germani e t  a l .  (1980) and w i t h  t h e  c e r t i f i e d  va lues .  The r e s u l t s  a r e  
g e n e r a l l y  q u i t e  s i m i l a r ;  however, v a l u e s  f o r  C1, I, Na, and W, ob ta ined  by 
t h e  I N A A  method, a r e  n o t  a s  p r e c i s e  (h igher  s t anda rd  d e v i a t i o n )  i n  t h i s  
s tudy  a s  a r e  t hose  i n  Germani e t  a l .  (1980).  I n  a d d i t i o n ,  r e s u l t s  
i n  t h i s  s tudy  f o r  Mg, N i ,  Pb, and S  a r e  no t  i n  a s  good agreement a s  
d e s i r e d  w i t h  t hose  l i s t e d  from t h e  l i t e r a t u r e .  However, S  va lues  r epo r t ed  
f o r  t h e  samples i n  t h i s  s t udy  were obta ined  by t h e  ASTM method r a t h e r  t h a n  
by XRF, 

The mine ra l  ma t t e r  was s epa ra t ed  from t h e  o rgan i c  ma t t e r  i n  t h e  c o a l  
samples by u s e  of  a  low-temperature a s h e r  (LTA), which o x i d i z e s  and 
vapo r i ze s  t h e  o rgan i c  m a t t e r  and l e a v e s  a r e s i d u e  of mine ra l s  e s s e n t i a l l y  
u n a l t e r e d  from t h e i r  o r i g i n a l  s t a t e  i n  t h e  c o a l .  The mine ra l s  i n  t h e  
r e s i d u e  were q u a n t i t a t i v e l y  analyzed by x-ray d i f f r a c t i o n  methods f o r  
t h e i r  qua r t z ,  p y r i t e ,  c a l c i t e ,  and c l a y  con t en t .  The c l a y  con t en t  was 
determined by d i f f e r e n c e ,  assuming t h e  e n t i r e  mine ra l  assemblage c o n s i s t e d  
of t h e s e  f o u r  t ypes .  (This  i s  q u i t e  a  reasonable  assumption given t h e  
r e l a t i v e  imprec i s ion  of  t h e  x-ray d i f f r a c t i o n  method.) However, t h e  
presence  of  t r a c e  and minor amounts of o t h e r  m i n e r a l s  d e t e c t e d  i n  t h e  
samples w a s  notcd.  The determined amount of t h e  q u a r t z ,  c a l c i t e ,  and 
p y r i t e  is  t h e  average of t h r e e  s e p a r a t e  x-ray ana ly se s  of each sample. 
The amount i s  based on t h e  r a t i o  of peak i n t e n s i t i e s  of t h e  mine ra l  t o  
t h a t  of an  i n t e r n a l  s tandard  (a lumina) .  The r e s u l t s  of t h e  samples were 
compared t o  c a l i b r a t e d  mix tures  of  t h e  i n d i v i d u a l  m ine ra l s  w i t h i n  a 



TABLE 111-3. Results of analyses of standard reference material (coal) 1632 from National Bureau of Standards (NBS) in this study, 
and in Germani et al. (1980), and certified values for the NBS coal. 

Element 

Ag 
A1 
As 
B 
Ba 

Be 
B r  
Ca 
Cd 
Ce 

C 1 
Co 
Cr 
C s 
Cu 

DY 
E u 
F 
Fe 
Ga 

Ge 
H f  
Hg 
I 
In 

K 
La 
L i  
Lu 
Mg 

U n i t  

P Pm 
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PPm 
PPm 
P Pm 

PPm 
PPm 

% 
PP"' 
PPm 

P Pm 
PPm 
PPm 
P Pm 
PPm 

PPm 
PP"' 
PP'" 

% 
P Pm 

PPm 
P Pm 
PP"' 
P Pm 
P P ~  

% 
PPm 
PPm 
P Pm 

% 

T h i s  work Method Germani NBS+ 

I NAA 
XRF 
I NAA 
OE 
EDX 

OE 
I NAA 
XRF 
A A 
I NAA 

I NAA 
I NAA 
I NAA 
I NAA 
A A 

I NAA 
I NAA 
I S E  
XRF 
I NAA 

OE 
I NAA 
RNAA 
I NAA 
INAA 

XRF 
I NAA 
A A 
I NAA 
XRF 

Element U n i t  T h i s w o r k  Method Germani N B S ~  

I NAA 
I NAA 
I NAA 
A A 
XRF 

A A 
I NAA 
XRF 
I NAA 
I NAA 

I NAA 
XRF 
I NAA 
EDX 
I NAA 

I NAA 
I NAA 
XRF 
OE 
I NAA 

OE 
INAA 
I NAA 
A A 
EDX 

- -  

+values b racke ted  a r e  i n f o r m a t i v e ,  o t h e r s  a r e  c e r t i f i e d .  
*Not a v a i l a b l e ,  sample used f o r  c a l i b r a t i o n .  

m a t r i x  composed of c l a y  v a r i e t i e s  comparable t o  t hose  found i n  I l l i n o i s  
c o a l s  (Ward, 1977) .  The d e t a i l s  of t h e s e  procedures  a r e  g iven  i n  appendix 
B. 

The p r e c i s i o n  of t h e  determined v a l u e s  i s  i n d i c a t e d  by t h e  r e l a t i v e  
s tandard  d e v i a t i o n s  (SD) computed from t h e  t h r e e  s e p a r a t e  runs  on 45 samples: 
y i e l d i n g  average SD of 7 pe r cen t  f o r  q u a r t z ,  16 percen t  f o r  c a l c i t e ,  and 6 
pe rcen t  f o r  p y r i t e .  The d i s t r i b u t i o n  of t h e  SD f o r  t h e s e  mine ra l s  i s  shown 
i n  t a b l e  111-4. These d a t a  i n d i c a t e  t h a t  r e s u l t s  f o r  p y r i t e  a r e  
t h e  most p r e c i s e ,  and r e s u l t s  f o r  c a l c i t e  t h e  l e a s t  p r e c i s e .  Th i s  i s  
expected f o r  c a l c i t e  because of i t s  p e r f e c t  c leavage,  which makes i t  most 
d i f f i c u l t  t o  p r epa re  a t r u l y  random packing of powdered sample f o r  t h e  x-ray 
a n a l y s i s .  An e r r o r  of f 5  t o  7 percen t  i n  t h e  de t e rmina t i ons  is  recognized 

TABLE 111-4. Frequency distribution of the relative standard deviation (SD)* of mineral compositions in 45 samples. 

! I 
I Frequency (%)  

* SD converted to a percentage of the main value. 

Relative %SD* 

< 10 
10-20 
20-30 
20-50 

>50 

Calci te  

4 3 
32 

23 
2 

Quartz 

84 
16 

Pyr i te  

93 
5 
2 



a s  i n h e r e n t  i n  t h e  method (Russe l l  and Rimmer, 1979) .  The r e s u l t s  of t h e  
q u a n t i t a t i v e  de t e rmina t i ons  of t h e  mine ra l s  i n  t h e  LTA r e s i d u e  were 
converted t o  t h e  whole c o a l  b a s i s  accord ing  t o  t h e  measured LTA value .  

Desp i te  t h e  r e l a t i v e  cons i s t ency  of t h e  p y r i t e  v a l u e s  ob ta ined  by t h e  
d i f f r a c t i o n  method, t h e i r  comparison w i th  v a l u e s  c a l c u l a t e d  from t h e  
p y r i t i c  s u l f u r  determined by chemical methods r evea l ed  undes i r ab l e  s c a t t e r  
of r e s u l t s .  W e  t h e r e f o r e  concluded t h a t  t h e  most r e l i a b l e  and c o n s i s t e n t  
v a l u e s  f o r  p y r i t e  were ob t a ined  chemica l ly ,  and f o r  t h i s  reason  on ly  
chemical d a t a  f o r  p y r i t e  a r e  r e f e r r e d  t o  subsequent ly .  

The v a r i e t i e s  of  c l a y  mine ra l s  were determined by x-ray d i f f r a c t i o n  ana ly se s  
of c l a y  s e p a r a t i o n s  (-2pm p a r t i c l e s )  depos i ted  under vacuum on to  ceramic 
s l i d e s .  The procedures  used a r e  de sc r ibed  i n  appendix 2. 

The p r e c i s i o n  of t h e  s e m i q u a n t i t a t i v e  ana ly se s  of t h e  v a r i e t i e s  of c l a y  
mine ra l s  i n  t h e  samples i s  recognized t o  be  r e l a t i v e l y  low. R e l i a b i l i t y  
of t h e  a n a l y s i s  d a t a  depends v e r y  much upon t h e  cons i s t ency  of t h e  sample 
p r epa ra t i on .  Although cons ide rab l e  e f f o r t  was made t o  be c o n s i s t e n t  i n  
p r epa r ing  t h e  c l a y  s l i d e s  and t o  p rov ide  t h e  same amount of c l a y ,  t h e  
r e l a t i v e l y  smal l  amount of c l a y  a v a i l a b l e  from s e v e r a l  samples made i t  
d i f f i c u l t  t o  o b t a i n  s l i d e s  w i th  t h e  needed cons i s tency  of c l a y  m a t e r i a l .  
Never the less ,  t h e  r e s u l t s  are u s e f u l  gu ides  t o  t h e  r e l a t i v e  changes i n  
t h e  c l a y  minera l  composi t ions  between t h e  samples. I n  c o n t r a s t  t o  o t h e r  
r e p o r t e d  r e s u l t s  i n  t h i s  s tudy ,  t hose  of t h e  c l a y  minera l  ana ly se s  a r e  
r epo r t ed  a s  a  percen tage  v a l u e  of t h e  c l a y  f r a c t i o n .  



I n  I l l i n o i s  t h e  two coa l  seams s tudied  a r e  formally known a s  t h e  Herr in  
(No. 6)  Coal Member and t h e  Spr ing f i e ld  (No. 5) Coal Member of t h e  Carbon- 
d a l e  Formation-the middle formation of t h e  seven t h a t  a r e  included i n  t h e  
Pennsylvanian System i n  I l l i n o i s .  Both coa l s  extend i n t o  Indiana and 
Kentucky, The name Herr in  i s  used i n  t h e  e n t i r e  t r i - s t a t e  a r e a ;  t h i s  name 
w i l l  be used throughout t h i s  r e p o r t  without r e fe rence  t o  t h e  numbers (No. 6 
i n  I l l i n o i s  and No. 11 i n  Kentucky). The name Spr ing f i e ld  i s  used i n  Indiana 
and I l l i n o i s ,  bu t  i n  Kentucky t h i s  coa l  i s  known a s  t h e  Number 9 Coal. 
I n  t h i s  r e p o r t  we w i l l  use  h e r e a f t e r  t h e  name Spr ing f i e ld  f o r  t h i s  coa l  i n  
a l l  t h r e e  s t a t e s .  

The ex ten t  of t h e  Herr in  is  shown i n  f i g u r e  I V - I .  I n  Indiana t h e  Herr in  i s  
q u i t e  t h i n  o r  absent  i n  many p laces ,  and i n  o t h e r s  i t s  recogni t ion  i s  some- 
what i n  doubt, The boundary l i n e  shown i s  where t h e  coa l  would crop out  i f  
i t  were present .  This  coa l  is  of high commercial i n t e r e s t  i n  t h e  a r e a s  where 
i t s  th ickness  i s  g r e a t e r  than 28 inches ( f i g .  IV-1). 

The Walshvil le  channel ( f i g .  IV-1) marks t h e  course of an anc ien t  r i v e r  t h a t  
flowed through t h e  ex tens ive  Herr in  pea t  swamp (Johnson, 1972; Smith and 
S t a l l ,  1975; and Palmer, Jacobson, and Trask, 1979). Within t h e  channel a r e a  
t h e  coa l  i s  absent  and i n  ad jacent  a reas  t h e  coa l  i s  commonly s p l i t  by sand- 
s tone  and s h a l e  pa r t ings ;  however, t h e  coa l  u sua l ly  a t t a i n s  i t s  maximum thick-  
ness  on t h e  f a r  s i d e s  of t hese  major pa r t ings ,  Near t h e  end of t h e  peat- 
forming period t h e  r i v e r  overflowed i t s  banks wi th  r e l a t i v e l y  f r e s h  waters  
a t  s e v e r a l  p laces  along i t s  course,  depos i t ing  mud and s i l t  over  t h e  pea t ,  
These sediments formed t h i c k  depos i t s  of nonmarine types of s h a l e  and s i l t -  
s tone  known a s  t h e  Energy Shale.  The coa l  t h a t  developed under t h e  Energy 
Shale,  e s p e c i a l l y  where t h e  Energy i s  20 f e e t  o r  more t h i c k ,  u sua l ly  has a 
r e l a t i v e l y  low s u l f u r  content  of 0 ,5  t o  2.5 percent  (Gluskoter and Simon, 
1968; Gluskoter and Hopkins, 1970; Hopkins, Nance, and Treworgy, 1979). I n  
most o t h e r  a r e a s  the  Herr in unde r l i e s  t h e  Anna Shale,  a b lack  marine s h a l e  
t h a t  was deposi ted from a subsequent f looding  of t h e  reg ion  by marine waters .  
The s u l f u r  content  of t h e  underlying coa l  i n  these  a reas  i s  usua l ly  g r e a t e r  
than 2.5 percent .  

I n  Kentucky t h e  l a r g e  east-west i nden ta t ions  of t h e  boundary l i n e  of t h e  
Herr in  a r e  due t o  s t r u c t u r a l  and e ros iona l  f e a t u r e s  along t h e  Rough Creek 
Faul t  System, which caused t h e  coa l  t o  be absent  i n  these  a reas .  The l a r g e  
I f  11 V conf igura t ion  of t h e  boundary of t h e  coa l  along i t s  nor thern  border  i n  
e a s t e r n  I l l i n o i s  i s  a l s o  a s t ruc tu ra l - e ros iona l  f e a t u r e ,  The Herr in  and 
assoc ia ted  s t r a t a  a r e  covered by pebbly c l ay  and o t h e r  g l a c i a l  depos i t s  i n  
most of t h e  nor thern  and c e n t r a l  a r e a s  of I l l i n o i s .  



FIGURE IV- 1. Locations of samples from the Herrin Coal. Kentucky boundary of the coal is from Smith and Brant (1978), 
Indiana boundary from Indiana Geological Survey (1 971). 



The s e p a r a t i o n  of t h e  c o a l  d e p o s i t s  i n  t h e  nor thwes te rn  r eg ion  from t h e  main 
d e p o s i t s  t o  t h e  sou theas t  i s  most ly  due t o  e ro s ion ,  bu t  t h e r e  i s  some uncer- 
t a i n t y  a s  t o  whether o r  n o t  t h e  He r r in  pea t  swamp extended from t h i s  nor th-  
wes te rn  a r e a  i n t e r r u p t i o n  i n t o  t h e  more e x t e n s i v e  swamp t o  t h e  sou theas t .  

The l o c a t i o n s  of samples c o l l e c t e d  from t h e  He r r in  and analyzed f o r  t h i s  p ro j -  
e c t  a r e  shown a s  squares  i n  f i g u r e  I V - 1 .  The source  l o c a t i o n s  of samples 
r epo r t ed  i n  C i r c u l a r  499 (Gluskoter  e t  a l . ,  1977) a l s o  are shown. The sample 
numbers, t ypes ,  t h e  mine index of thedsource  ( i f  a  mine i n  I l l i n o i s ) ,  and 
t h e  purpose code of t h e  samples a r e  g iven  i n  t a b l e  I V - 1 .  The samples f o r  
t h i s  p r o j e c t  (MMC-80) are l i s t e d  i n  t h e  t a b l e  a f t e r  t h o s e  of C i r c u l a r  499. 

Geologic setting of the benc set study area 

An a n a l y s i s  of t h e  composition of v a r i o u s  beds o r  benches c o n s t i t u t i n g  t h e  
He r r in  Coal was done on samples from an  underground mine i n  sou the rn  I l l i n o i s  
( f i g ,  IV-2), The mine i s  l o c a t e d  approximately 8  m i l e s  e a s t  of t h e  Walshvi l l e  

Area of split Herrin Coal . . . . . . . . ",-\..,+- 
F] Walshville channel (Herrin Coal missing) 1-7 . . . .  t I 

FIGURE IV-2. Location of mine sampled for bench study (after Smith and Stall, 1975). 
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TABLE IV- 1. Sample identification, Herrin Coal. (continued) 

SAMPLE STATE S + TYPE MINE I$ PURPOSE-CODE 

MMC-80 SAMPLES: 

DC 
DC 
DC 
DC 

CFC 
CFC 
CFC 

RM 
CFC 

RM 
CFC 
CFC 

3/8X28M 
-28M 
l.29F 

1 * 3 l F S  
1.33FS 
1 + 4OFS 
1 + 6OFS 
1 * 6 0 F S  

D C 
3/8X28M 

-28M 
1 e 2 8 F  
1 + 3OFS 
l S 3 2 F S  
1 + 42FS 
1 + 60FS 
1 t 6 0 s  

DC 
B 1 
E 2 
E 3 
B 4 
B 5 
E( 6 
R 1 
B 2 
B 3 
E 4 
E 5 
B 6 
B 1 

HAND PICKED V I T R A I N  AND MINERALS (HMC 8 0 )  

W (WITRAIN) 
V (WITRAIN)  
W (WITRAIN) 
V (WITRAIN) 
PI (CALCITE) 
M (FE-SULFATE 

MIXED) 
Pf (BARITE)  



channel  and ad j acen t  sands tone  and s i l t s t o n e  lensu..; t h a t  s p l i t  t h e  ad j acen t  
He r r i n  Coal, This  s i t e  was s e l e c t e d  f o r  t h i s  s t u d y  because i t  had been t h e  
s i t e  of p rev ious  geo log ic  and p e t r o l o g i c  s t u d i e s  (Bauer and DeMaris, 1977; 
DeMaris and Bauer, 1978; and Johnson, 1979), The samples c o l l e c t e d  by Johnson 
were a v a i l a b l e  f o r  m ine ra l  and chemical ana ly se s  f o r  t h e  p r o j e c t ,  The samples 
cons i s t ed  of b locks  of c o a l  t aken  s e q u e n t i a l l y  from t h e  t op  t o  t h e  bottom of 
t h e  seam a t  f o u r  columns (B6-B9) a long a  t r a v e r s e  i n  t h e  mine. The t r a v e r s e  
u n d e r l i e s  bo th  nonmarine gray  s h a l e s  and marine b l ack  s h a l e s ,  and t h e  samples 
enable  t h e  d i f f e r e n t i a t i o n  of c o a l s  f looded  most ly  by f r e s h  (low s u l f u r )  wa t e r s  
from those  f looded by marine (high s u l f u r )  wa t e r s ,  The d i s t r i b u t i o n  of t h e  
two s h a l e s  i n  t h e  s tudy  a r e a  i s  shown i n  f i g u r e  IV-3*  The gray  s h a l e  extends 
18.6 f e e t  above t h e  c o a l  a t  B6 and on ly  7,5 f e e t  a t  B7, The ove r ly ing  b l ack  
s h a l e s  a r e  commonly about  3 f e e t  t h i c k  i n  t h e  r eg ion  (Bauer, pe r sona l  cornmuni- 
c a t i o n ) ,  

Johnson (1979) d e l i n e a t e d  s i x  l a y e r s  o r  u n i t s  w i t h i n  t h e  seam; we used t h e s e  
t o  gu ide  t h e  s e l e c t i o n  of t h e  bench samples.  Using ~ o h n s o n ' s  crushed samples 
we made composite bench samples p r o p o r t i o n a l  t o  t h e i r  t h i cknes s  s o  a s  t o  be 
r e p r e s e n t a t i v e  of each of  t h e  c o a l  u n i t s  from t h e  f o u r  columns, two columns 
(bench s i t e s )  under t h e  gray s h a l e  and two under t h e  b l a c k  s h a l e ,  

F igure  IV-4  shows t h e  c o r r e l a t i o n s  of  ~ o h n s o n ' s  u n i t s  a long t h e  t r a v e r s e  
w i th  t h e  sample type  code (bench number) and t h e  bench s e t  number ( a t  t h e  
top  of t h e  f i g u r e ) .  Note t h a t  t h e  t op  bench a t  B 8  does  n o t  c o n t a i n  a  complete 
s e c t i o n  of t h e  o r i g i n a l  pea t  m a t e r i a l  of u n i t  I because t h e  upper p a r t  of t h e  
u n i t  was eroded; fu r thermore ,  t h i s  u n i t  and t h e  upper beds of u n i t  I1 i n  bench 
s e t  B9 were e n t i r e l y  eroded, 

FIGURE IV-3. Lithology of strata immediately overlying the Herrin Coal in bench set study area of mine 866, showing locations 
of bench sets (after Bauer and DeMaris, 1977). 
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FIGURE IV-4. Geologic cross section of the Herrin Coal and roof strata along north-south traverse, looking west in mine 866, 
showing correlation of units and erosional surface (m) (after Johnson, 1979), and bench numbers (B#) for bench sets B6-9. 

The e x t e n t  of t h e  S p r i n g f i e l d  Coal ( f i g .  IV-5) i s  s i m i l a r  t o  t h a t  of t h e  He r r in ,  
bu t  i n  Ind i ana ,  t h e  Spr ingf ie ld- - in  c o n t r a s t  t o  t h e  Herr in-- is  a  p r i n c i p a l  
commercial c o a l .  The two c o a l s  a r e  s epa ra t ed  i n  I l l i n o i s  by s h a l e s ,  sands tones ,  
and some l imes tones  ranging  between 40 and 120 f e e t  t h i c k  (Smith and 
S t a l l ,  1975).  

The G a l a t i a  channel  ( f i g .  IV-5), l o c a t e d  i n  sou theas t e rn  I l l i n o i s  (Hopkins, 
Nance, and Treworgy, 1979) and a d j a c e n t  Ind iana  (Ault  e t  al., 1979; Eggert  
and Adams, 1982) ,  was t h e  cou r se  of an a n c i e n t  s t ream t h a t  flowed through 
t h e  S p r i n g f i e l d  p e a t  swamp. The channel  c o n t a i n s  d e p o s i t s  of  sands tone  and 
s i l t s t o n e  t h a t  s p l i t  t h e  c o a l  on e i t h e r  s i d e  of t h e  channel  i n  t h e  s a m e  
manner de sc r ibed  above f o r  t h e  Wa l shv i l l e  channel .  The o t h e r  major boundary 
c o n f i g u r a t i o n s  of t h e  S p r i n g f i e l d  Coal a r e  c o n t r o l l e d  by s t r u c t u r a l - e r o s i o n a l  
f e a t u r e s  i d e n t i c a l  t o  t hose  of t h e  He r r in  d i s cus sed  p rev ious ly .  

The S p r i n g f i e l d  samples analyzed f o r  t h i s  p r o j e c t  a r e  shown i n  f i g u r e  I V - 5 ,  
sample numbers and o t h e r  i d e n t i f y i n g  i t ems  and purpose codes  i n  t a b l e  
IV-2. 

C e r t a i n  a r e a s  were i d e n t i f i e d  a s  l o c a t i o n s  f o r  e v a l u a t i o n  of t h e  v a r i a b i l i t y  
of compos i t ionofwhole  c o a l  samples of t h e  He r r in  and S p r i n g f i e l d  Coals ,  

25 



FIGURE IV-5. Location of samples from the Springfield Coal. Kentucky boundary s f  coal is from Smith and Brant (1978), 
Indiana boundary from Indiana Geological Survey (1 97 1). 



TABLE IV- 2. Sample 

MMC-80 SAMPLES 

DC 
F C  
DC 
DC 
DC 

CFC 
P C  

3/83(28 
-28M 
1 + 25'F 
l e 3 l F S  
1 + 3 5 F S  
1 + 4OFS 
1 + 6 0 F S  
1 * 60s 

D C 
CFC 
CFC 
DC 
CFC 

W 8 X 2 8  
-28M 
1 e 27F 
1 * 3 0 F S  
1 + 3 2 F S  
1 + 4 F S  
1 + 6 F S  
1 + 6 S  

DC 
DC 
DC 
DC 
DC 
DC 
DC 

identification, Springfield Coal. 

C45'9 SAMPLES: DATA ON THESE ARE G I V E N  IN GLUKOSTER E T  A L e 9 1 9 7 7 ,  

CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 
CFC 

RM 
CFC 
CFC 
CFC 
CFC 
CFC 



Data on samples from both Circular 499 and this study ('MMC-80) were included 
in these evaluations, These areas are: 

Herrin Coal Springfield Coal 

L 1  Northwestern Illinois 
L2 Central Illinois 
L 3  South central Illinois 
L4 Southwestern Illinois 
L5 South central Illinois 
L7 Southeastern Illinois 
L8 Eastern part of 

southern Illinois 

Ll Northwestern Illinois 
L3 Southwestern Illinois 
L4 Southern Illinois 
L5 Southeastern Illinois 
L6 Eastern part of 

southern Illinois 
L7 Central part of 

southwestern Indiana 

Samples used for local area evaluations are identified by their L numbers 
(purpose codes) in tables IV-1 and IV-2, 



The bench s e t  study was undertaken t o  eva lua te  t h e  v a r i a t i o n  of impur i t i e s  
i n  coa l s  w i th in  one seam exposed i n  a small  a r ea  of a mine. Twenty-three 
samples a t  fou r  s i t e s  along a t r a v e r s e  were analyzed. Resul t s  of t h e  
minera logica l  ana lyses  of t h e  fou r  bench s e t s  a r e  given i n  t a b l e  V-1. 
Each of t h e  bench s e t s  (B6-B9) c o n s i s t s  of a s equen t i a l  s e t  of samples from 
t h e  top t o  t h e  bottom of t h e  Herr in Coal along t h e  700-foot t r a v e r s e  i n  
mine 866 ( f i g s ,  IV-3 and IV-4). 

The c o r r e l a t i o n  of t h e  LTA and t h e  p y r i t e  contents  along t h e  t r a v e r s e  a r e  
shown i n  f i g u r e  V-1, Theprominence of t h e  s h a l e  bench (pa r t ing )  about a 
f o o t  above t h e  base of t h e  coa l  seam is  q u i t e  evident  from t h e  LTA da ta  
shown i n  t h i s  f i g u r e ,  This s h a l e  p a r t i n g ,  known a s  t h e  "blue band," occurs  
wi th in  t h e  lower p a r t  of t h e  Herr in  Coal throughout much of t h e  ex ten t  of 
t h i s  coa l ,  It i s  a u s e f u l  s t ra tum wi th in  t h e  Herr in f o r  c o r r e l a t i o n  pur- 
poses ( the  footage s c a l e  on t h e  l e f t  of f i g u r e  IV-4 i s  based on t h e  p o s i t i o n  
of t h e  base of t h i s  sha le ) .  The LTA content  of t h e  benches v a r i e s  consid- 
e rab ly  between benches and along t h e  t r a v e r s e ,  and t h e  p y r i t e  content  is 
somewhat l e s s  v a r i a b l e  ( f i g ,  V-1), Both components a r e  gene ra l ly  h ighes t  
i n  t h e  lower two benches of t h e  seam, except  i n  bench s e t  B6, The p y r i t e  
i s  h ighes t  i n  t h e  lowest bench i n  s e t s  B7-B9 where t h e  coa l  i s  ove r l a in  by 
marine s h a l e s  o r  r e l a t i v e l y  t h i n  nonmarine sha le s ,  The c o a l s  i n  bench 
s e t  B6 conta in  lower amounts of p y r i t e  than do t h e  o t h e r  s e t s  because t h e  
roof s h a l e  a t  t h i s  s i t e  i s  a r e l a t i v e l y  t h i c k  nonmarine type. The d i s t r i -  
bu t ion  of t h e  r e l a t i v e  amounts of p y r i t e  along t h i s  t r a v e r s e  conforms t o  
t h e  geologica l  model discussed i n  s e c t i o n  I V ,  p. 19  (Herr in Coal).  

The c a l c i t e  content  of t h e  bench s e t s  ranges from l e s s  than 1 t o  more than 
13 percent ,  The high assay  sample (C10983) was taken from t h e  uppermost 
u n i t ,  under t h e  marine sha le ,  a t  s i t e  B9 ( t a b l e  V-1 and f i g .  V-1). The cal-  
c i t e  i n  t h i s  sample occurred i n  a small  c o a l b a l l  i n  t h e  sample, C a l c i t e  
assays  i n  t h e  o t h e r  bench samples (0.3 t o  7,3%) a r e  more t y p i c a l  of those 
determined i n  t h e  whole 

I n  o rde r  t o  compare t h e  
composite assays of t h e  
t ioned  t o  t h e  th ickness  
computations t o  provide 

c o a l  samples discussed below, 

bench s e t  d a t a  wi th  t h a t  of t h e  channel samples, 
benches were computed from t h e  'bench d a t a ,  propor- 
of t h e  benches, The s h a l e s  were excluded from these  
an a n a l y s i s  equiva lent  t o  t h a t  of f a c e  channel samples. 

The r e s u l t s  of t h e  computation a r e  l i s t e d  under t h e  r e spec t ive  bench s e t  
d a t a  i n  t a b l e  V-1. Comparisons of t hese  "channelvf samples along t h e  t r a v e r s e  
i n d i c a t e  t h e  l o c a l  v a r i a b i l i t y  of channel (whole-coal) samples. The ranges 
and means of t hese  d a t a  f o r  t h e  fou r  composites a r e  a s  fol lows:  
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FIGURE V- 1. LTA and pyrite contents of benches within the Herrin along a traverse in mine 866. Nonmarine (N) shales extend 
18.6 ft above coal at B6 and 7.5 at B7; marine (M) shales overlie coal at B8 and B9. 

The variation of the non-clay minerals is significant and is probably due to 
the complexities of the geology along this particular traverse, 

The variation of the mineral composition of the Herrin Coal was determined 
from analyses of 61 whole-coal samples from widely scattered localities where 
the coal is more than 28 inches thick (IV-l), Results of the mineral analyses 
are listed in table V-2. The mineral data for 26 of the samples were compiled 
from Rao and Gluskoter (1973). The mineral data on the remaining 35 samples 
(C15999 and all below C16543) were completed for this work. The data are 
listed in table V-2 in the same format as in table V-1, 

Mineral variation of t 

An analysis was made of variations in mineral composition within certain local 
areas. The samples included in these local areas are indicated in table V-2 
by their purpose codes (Ll-L5 and L7-L9). Unfortunately there are only a few 
samples from each local area---too few for good statistical analyses, 





The variation of the  mineral compo- 
s i t i on  within these local  areas i s  
shown in  figure V-2. The means and 
standard deviations vary for  each 
mineral in  d i f fe ren t  areas.  

M i n e r a l  Range of D i f f e r -  
m a t t e r  means (%) A r e a s  e n c e s  (%) 

QT Z 1 . 7  - 3 . 0  L5, L2 1 - 3  
CAL 1 . 0 -  2 . 3  L 5 , L l  1 . 3  
TCLAY 7.2  - 1 1 . 2  L5, L7 4 . 0  
PYR 1 . 5 -  5 .9  L 5 , L 8  4.4 
LTA 1 1 . 5  - 1 9 . 5  L5, L8 8 . 0  

Most notable is  the high range of 
the mean r e su l t s  of LTA (11.5 t o  
19.5%). In terms of the  differences,  
the  mean assays--quartz and calcite--  
show the l e a s t  va r i ab i l i t y  between 
local  areas; t o t a l  clay and pyr i te  
show intermediate var iab i l i ty .  Area 
L5 i s  ident i f ied a s  an area of low 
mineral matter content, 

The va r i ab i l i t y  of the  mineral matter 
within the  separate areas is  indi- 
cated by the standard deviation (SD) , 
the  length of the  ve r t i ca l  l i n e  i n  
figure V-2. The range of S D  of the  
minerals, excluding area L3, i s  a s  
follows : 

M i n e r a l  Mimimum Maximum 
m a t t e r  SD Area  SD Area  

QTZ 0 . 3  L4 1.1 L2 
CAL 0 .3  L5 1 . 4  L1 
TCLAY 0 . 8  L5 2.7 L8 
LTA 0 .7  L4 2 . 8  L8 
PYR 0 . 3  L1 3 .8  L8 

These r e su l t s  show tha t  the  mineral 
composition of the  Herrin var ies  
considerably from one area t o  another. 

Comparisons of the  r e su l t s  within the 
local  areas and those collected else- 
where (regional samples, purpose code 
R) can be made from the data given in  
figure V-2. The comparable s t a t i s t i -  
c a l  data for  the  regional samples 
(shbwn on the r i gh t  side of the  f ig-  
ure) r e f l e c t  the  va r i ab i l i t y  of the  

I Total clay g 4 

Pyrite 
T"' (0.3- 1 1.6) 

0 1 I I I 1 r I 1 

L1 L2 L3 L4 L5 L7 L8 All 
Local area number 

7 4 2 6 5 4 , 4 6 1  
Number of samples ISGS 1982 

FIGURE V-2. Mineral variations in local areas and in all 
whole-coal samples (L and R) from the Herrin. Mean, stand- 
ard deviations (length of solid line), and range (dots off 
ends of line) are shown. Some ranges are in parentheses. 



means and standard dev ia t ion  over t h e  e n t i r e  I l l i n o i s  Basin as we l l  a s  t h e  
v a r i a t i o n  wi th in  t h e  l o c a l  a r eas .  The mean and standard dev ia t ion  of each 
of t h e  mineral  components f a l l  wi th in  t h e  ranges observed i n  t h e  l o c a l  a rea .  
These s t a t i s t i c a l  r e s u l t s  confirm t h a t  t h e  l o c a l  a r e a s  of t h e  Herr in  s tudied  
conta in  mineral  v a r i a t i o n s  t y p i c a l  of those  found i n  o the r  p laces  i n  t h e  
Herr in where i t  i s  of minable th ickness .  

LTA in Springfield Coal (96) 

LTA in Herrin Coal (%) ISGS 1982 

FIGURE V-3. Frequency distribution of LTA in whole-coal samples from the Springfield and Herrin Coals. 
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Quartz in Springfield Coal (%) Quartz in Herrin Coal (%) ISGS 1982 

FIGURE V-4. Frequency distribution of quartz in whole-coal samples from the Herrin and Springfield Coals. 



Calcite in Springfield Coal (%) Calcite in Herrin Coal (%) ISGS 1982 

FIGURE V-5. Frequency distribution of calcite in whole-coal samples from the Herrin and Springfield Coals. 

Total clay in Springfield Coal (%) 

Total clay in Herrin Coal (%) ISGS 1982 

FIGURE V-6. Frequency distribution of total clay in whole-coal samples from the Herrin and Springfield Coals. 

I n  o rde r  of i n c r e a s i n g  s tandard  d e v i a t i o n ,  t h e  v a r i a b i l i t y  of mine ra l  compo- 
n e n t s  f o r  a l l  61  samples i s  a s  fo l lows:  c a l c i t e  0.8; q u a r t z ,  0.9; p y r i t e ,  
1 . 7 ;  TClay, 2,4; and LTA, 3.2, 

The v a r i a t i o n  of minera l  ma t t e r  a s s a y s  from t h e  Her r in  Coal i s  i l l u s t r a t e d  
by his tograms V-3 t o  V-7. No s i n g l e  mode dominates t h e  d i s t r i b u t i o n s  of 
LTA and t o t a l  c l a y  i n  t h e  Her r in  ( f i g s .  V-3 and V-6), bu t  t h e  d i s t r i b u -  
t i o n s  of qua r t z  ( f i g .  V-4), c a l c i t e  ( f i g .  V-5), and p y r i t e  i n  t h i s  c o a l  a r e  
each cen te red  mainly around a s i n g l e  mode. Comparisons of t h e s e  r e s u l t s  w i th  
t hose  of t h e  Sp r ing f i e ld  Coal w i l l  be d i scussed  l a t e r .  



Pyrite in Springfield Coal (%) 

Pyrite in Herrin Coal (%) ISGS 1982 

FIGURE V-7. Frequency distribution of pyrite in whole-coal samples from the Herrin and Springfield Coals. 

The spatial variability of mineral matter within the Herrin is best evaluated 
from maps showing assays plotted according to the sample location. Such maps 
provide a means by which regional geological factors can be evaluated and 
possible predictions made for areas between sample sites or nearby areas not 
yet explored, The frequency distribution (e,g. fig, V-7) of each mineral 
component was used to identify low-, medium-, and high-assay groups for each 
m-ineral component and the results were plotted on maps for each mineral to 
aid in the evaluation of the regional distribution of the minerals, 

LTA i n  the  Herrin- he spatial distribution of the LTA data is shown in 
figure V-8, The low-assay group occurs mainly in areas on either side of 
the split coal zone along the Walshville channel. The samples from Kentucky 
also belong to the low-assay group. 

Total  d a y  i n  the Herrin-~esults show an increase in clay content (trending 
from the northwest to the southeast) in the northwestern area of the basin, 
Values ranging from a low of 5.7 percent, through 7.6 to 11.3, to a high of 
13.5 percent, are recorded for this southeastward traverse in this area. 
Additional samples are needed to confirm this trend. Of the remaining 54 
samples tested, the 7 high-assay and the 4 low-assay sample groups are 
widely scattered among the 43 middle-assay group throughout the central 
and southern areas of the basin. 



ASH (LTA) 

(b 9.3-12.9% 

B 13.8- 15.9% 

INDIANA 

n Extent of Herrin Coal 

Anvil Rock channel 

Walshville channel 
coal split, thin or absent 

0-- r q  q---=- -: 40 rnl 

30 60 km 
O - ~ ~ ~ . z  ISGS 1982 

FIGURE V-8. Distribution of LTA in whole-coal samples from the Herrin. 
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Pyrite in the Herrin. Figure V-9 shows the distribution of pyrite in whole 
coal samples from the Herrin, With one exception the low-assay group of 
pyrite samples occurs on both sides of the split-coal adjacent to the 
Walshville channel in the lower reaches of the channel, The three high- 
assay samples of pyrite occur widely scattered among the remaining 52 
samples from the middle-assay group, The location of low-assay pyrite near 
the Walshville channel is consistent with the spatial pattern of Rao and 
Gluskoter (1973), and with the depositional model for low-sulfur occurrences 
in coals that underlie relatively thick, nonmarine shales associated with 
this channel (described in section IV). 

Calcite in the Herrin, The spatial pattern for calcite is a mixed one. 
Assays suggest that in the northwest area (fig, IV-I) calcite content 
decreases from the north to the southeast. In this area, two high assays 
lie in the northernmost part, one low assay in the southeastern part, and 
the remaining four middle assays lie in the intermediate area. Additional 
samples are needed from this area to confirm the significance of this trend, 

The remaining samples from other areas of the basin fall in the low- and 
middle-assay groups, Many ofthe low-group assays occur near the Walshville 
channel, but because there are too many exceptions, no conclusions can be 
drawn, The pattern of increased amount of calcite from east to west across 
the southern half of Illinois, based on the percentage assay of the LTA 
(fig. 21 of Rao and Gluskoter, 1973), is not confirmed by the new data in 
this work. 

Quartz in the Herrin. The spatial distribution pattern for quartz appears 
to be random, The 14 high-assay samples and the P I  low-assay ones are 
scattered among the 36 middle-assay samples throughout the basin. 

Other minerals in the Herrin. No significant trends could be identified in 
the spatial distribution of the varieties of clay (illite, kaolinite- 
chlorite, and expandable mixed-layer clay minerals), The low- and high- 
assay samples were scattered among the medium-assay group in what appears 
to be a random pattern, 

It is of some environmental interest that many samples from both Herrin and 
Springfield Coals contain minor or trace amounts of marcasite, a sulfide 
material, The chemical composition of marcasite and pyrite is the same 
( F ~ s ~ )  but marcasitess structure is orthorhombic while pyrite's is isometric. 
Marcasite is thought to oxidize more readily than pyrite. Until this study, 
no marcasite had been positively identified in Illinois coals (Gluskoter and 
Simon, 1968); however, we obtained diagnostic x-ray diffraction data to 
substantiate the presence of marcasite in the samples reported (tables V-2 
and V-3). Traces of marcasite are observed in 40 percent of the Herrin 
samples and 55 percent of the Springfield samples, 

No spatial pattern was observed in the distribution of marcasite in the 
Herrin. Further remarks on the spatial occurrences of marcasite appear at 
the end of this section. 
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FIGURE V-9. Distribution of pyrite in whole-coal samples from the Herrin. 
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The v a r i a t i o n  of t h e  mine ra l  composition of t h e  S p r i n g f i e l d  Coal i s  eva lua ted  
on t h e  b a s i s  of d a t a  assembled on 26 whole c o a l  samples s t u d i e d  p r ev ious ly  
by Ward (1977) and on 20 new samples c o l l e c t e d  f o r  t h i s  s tudy  (purpose 
codes R and L)  from widely s c a t t e r e d  l o c a l i t i e s  throughout  t h e  ba s in  
( f i g .  IV-5) .  Resu l t s  of t h e m i n e r a l o g i c a l  compi la t ions  and ana ly se s  a r e  g iven  
i n  t a b l e  V-3,  

(C499 SAMPLES) 

(MMC80 SAMPLES) 
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Mineral variation of the Springfield Coal in local areas 

An analysis was made of the variation of minerals within cer ta in  local  areas.  
The samples included in  the  loca l  areas a re  indicated in  tab le  V-3 by t h e i r  
purpose codes (L#) . 
The variation of the minerals within 24, 
the  local  areas is  shown in  figure 
V-10. A s  in  the  case of the s err in, 
the  Springfield data show similar 201 I 
variation of means in  d i f fe ren t  areas. 

18- 
The means range between the l imi t s  
and t h e i r  difference a re  a s  follows: 16- 15.8 

14- 
M i n e r a l  Range of D i f f e r -  
m a t t e r  means  (%) A r e a s  e n c e s  (%) 12- 

10- 
TCLAY 6 . 6 -  7,.3 L 6 , L l  0 .7  
CAL 1.1 - 2.3 L7, L1 1 . 2  
QT Z 1 . 5  - 3.1 L7, L1 1 . 6  
PYR 2 . 8 -  5.4 L 4 , L 5  2.6 
LTA 13.2  - 15 .8  L4, L5 2.6 

The t o t a l  c lay has the  smallest 
range of mean assays by local  area,  
followed by ca l c i t e ,  quartz, pyr i te ,  
and f ina l ly  LTA, with the la rges t  
range. 

The va r i ab i l i t y  of the  minerals with- 
i n  the  separate areas is  indicated 
by the standard deviation, the  
length of the  ve r t i ca l  l i n e  in  f igure  
V-10. The range of standard deviation 
of the  mineral i s  a s  follows: 

M i n e r a l  Minimum Maximum 
m a t t e r  SD A r e a  SD A r e a  
--  

QTZ 0 .4  L7 1 .2  L3 
CAL 0 . 5  L1 3 . 0  L3 
TCLAY 0 .8  L6 3 . 5  L5 
PYR 0 .8  L1 7 . 2  L5 
LTA 1 . 0  L1 7 . 3  L5 

The highest va r i ab i l i t y  is found i n  
areas L3 and L5, the  lowest ( for  
three components) in  area L5. 

The s t a t i s t i c a l  data for  the  miner- 
alogical  r e su l t s  for a l l  the whole- 
coal samples ( L  and R purpose codes) 
a re  shown in  f igure  V-10. 

1 Pyrite (0.5- 18.011 (0.5- 18.0) 
0 I I I I I I I 

L1 L3 L4 L5 L6 L7 All 
Local area number 

4 4 5 5 5 4 4 6  
Number of samples ISGS 1982 

FIGURE V- 10. Mineral variation in local areas in all whole- 
coal samples (L and R) from the Springfield Coal. Mean, 
standard deviations (length of line), and range (dots off 
ends of line) are shown. Some ranges are in parentheses. 



FIGURE V- 1 I. Distribution of LTA in whole-coal samples from the Springfield. 

42 



The variability of the mineral matter for all 46 samples--expressed in order 
of increasing standard deviation--is as follows: quartz, 0.9; calcite, 1.0; 
pyrite, 2.5; total clay, 2.6; and LTA, 3.5. 

The variation of mineral matter assays of the Springfield Coal is shown in 
figures V-2 to V-6. Comparisons of the mineral data for the Springfield 
and Herrin Coals indicate the following general tendencies: 

LTA: Herrin > Springfield 
QTZ : Herrin > Springfield 
CAL : Herrin > Springfield 
TCLAY: Herrin > Springfield 
PYR: Springfield > Herrin 

Regional distribution of mineral matter in t 

The regional variability of the minerals in the Springfield Coal was evaluated 
from maps showing the assays plotted according to sample locations. In the 
following discussion of regional trends, the distribution and the number 
of samples constituting the data base should be kept in mind. 

LTA in the Springfield. The spatial distribution of LTA assays of whole-coal 
(channel) samples from the Springfield is shown in figure V-11. The low-assay 
group tends to be located along the Galatia channel that runs from southwestern 
Indiana into Illinois. In Indiana, samples from the low-assay group are also 
found in areas bordering the tributaries to the main channel. However, in 
Illinois, two samples located along this channel belong to the middle assay 
group and two to the high-assay group. Five other high-assay samples and the 
rest of the middle-assay samples occur well outside the channel area. However, 
not all low-assay samples occur along this channel. One occurs in southwestern 
Illinois, one in east central Illinois; four of the five samples from Kentucky 
also belong to this low-assay group, 

Total clay in the Springfield. The spatial distribution of total clay from the 
Springfield is essentially random. Samples from the low-, medium-, and high- 
assay groups are scattered throughout the same areas and no pattern is apparent. 

Pyrite in the Springfield. Six whole-coal samples fall into the low-assay 
group forpyrite; five of these lie along the Galatia channel and the other is 
located in southwestern Illinois. However, two of the four from the high-assay 
group also occur along this channel, as do eight that are classified as middle- 
assay pyrites. All other sampling sites yielded pyrite assays in the middle 
assay group. 

While pyrite represents only a part of the sulfur component of these coals, 
it is known to correlate proportionally with the total sulfur in samples from 
the Springfield in southeastern Illinois (Hopkins, 1968). The locations of 
the low-assay pyrite samples along the Galatia channel are thought to be places 
where relatively thick nonmarine shale overlies the coal (see section IV, p. 25). 



Calcite in the SpringfieZd. Most of the calcite assays in the Springfield 
range from 0.2 to 3.0 percent, although one assay is 4.9 percent. The spatial 
pattern for calcite distribution is essentially random, and no trends can be 
recognized, 

Quartz in the Springfield. No spatial trends or patterns for quartz distri- 
bution can be distinguished in the Springfield Coal. 

Other minerals in the Springfield. The distribution of the other minerals in 
the Springfield was evaluated. In contrast to the findings of Ward (1977), 
the kaolinite and chlorite fraction tend to be higher (>36%) - near the Galatia 
channel in southern Indiana and southwestern Illinois. Elsewhere, these clays 
accounted for 22 to 33 percent of the clay mineral fraction. 

No pattern could be recognized in the distribution of illite and expandable 
clay minerals. 

Marcasite was detected in all samples from Kentucky, all samples but one from 
Indiana, and half the samples from southern Illinois. Marcasite was not 
detected in five of the six samples from central and northern Illinois, This 
pattern suggests a regional geological process, operating primarily in the 
southeastern region of the Illinois Basin, that promoted the growth of marca- 
site. Further study is needed to determine fully the significance of the 
marcasite occurrences, 



The geo log ic  s e t t i n g  of t h e  bench s e t  s tudy  a r e a  ha s  been desc r ibed  i n  
Sec t i on  I V ,  Two main types  of v a r i a b i l i t y  i n  t h e  chemical composition of 
samples are observed i n  t h e  bench s e t s :  (1) v e r t i c a l  v a r i a b i l i t y  between 
t h e  benches a t  a  s i t e  and (2) l a t e r a l  v a r i a b i l i t y  a long  a  bench o r  i n  compo- 
s i t e  benches a t  d i f f e r e n t  s i t e s .  Both types  r e s u l t  from geochemical changes 
i n  t h e  environment of t h e  c o a l  e i t h e r  a t  t h e  t ime of d e p o s i t i o n o f t h e  benches 
o r  s i t e ,  o r  l a t e r ,  when i n f i l t r a t i o n  of aqueous s o l u t i o n s ,  e r o s i o n ,  o r  o t h e r  
p o s t d e p o s i t i o n a l  p roces se s  occur red .  

Chemical d a t a  f o r  t h e  f o u r  bench s e t s  s t u d i e d  a r e  r epo r t ed  i n  t a b l e s  V I - 1  
and VI-2, An examination of t h e  d a t a  by s e v e r a l  s t a t i s t i c a l  procedures  i nd i -  
c a t e d  t h a t  t h e  v a r i a b i l i t y  i n  chemical composition between t h e  benches a t  a  
g iven  s i t e  i s  g r e a t e r  t han  t h e  composi t ional  v a r i a b i l i t y  of  t h e  bench a t  
d i f f e r e n t  s i tes (bench s e t s ) .  Analys i s  of v a r i a n c e  t e s t s  i n d i c a t e  t h a t  s i g -  
n i f i c a n t  d i f f e r e n c e s  between t h e  bench s e t s  e x i s t  f o r  on ly  a  few elements ,  
whereas chemical v a r i a b i l i t y  among t h e  benches i n  a  s e t  is  s i g n i f i c a n t  f o r  
many elements ;  t h e r e f o r e ,  t h e  d a t a  from t h e  f o u r  bench s e t s  a r e  averaged f o r  
each bench u n i t  ( t a b l e  VI-3), Included i n  t h i s  t a b l e  a r e  t h e  r e s u l t s  of t h e  
a n a l y s i s  of v a r i a n c e  t e s t s  f o r  each e l e m e n t ( s e e  f o o t n o t e  * i n  t a b l e ) .  

The a n a l y t i c a l  d a t a  on t h e  19 bench samples of c o a l  were used a s  c r i t e r i a  
f o r  forming c l u s t e r s  by 2 - c l u s t e r  a n a l y s i s  r o u t i n e ;  t h e  r e s u l t i n g  c l u s t e r  
dendrogram i s  shown i n  f i g u r e  VI-1A.  Desc r ip t i on  of t h e  c l u s t e r  a n a l y s i s  i s  
g iven  by Davis (1973). The dendrogram provides  t h e  c r o s s  s e c t i o n  c o r r e l a t i o n  
of t h e  f o u r  bench s e t s  shown i n  f i g u r e  V I - l B ,  i n  which chemica l ly  s i m i l a r  
benches a r e  i d e n t i f i e d  by t h e  same symbol, Th i s  c o r r e l a t i o n  i s  c o n s i s t e n t  w i t h  
t h e  s t r a t i g r a p h i c  c o r r e l a t i o n  shown i n  f i g u r e  IV-4,  The r e s u l t i n g  groupings 
a r e  g e n e r a l l y  l a t e r a l  r a t h e r  t han  v e r t i c a l ,  because of l a t e r a l  s imilari t ies  
i n  t h e  chemistry  of t h e  bench u n i t s ,  It i s  p o s s i b l e  t h a t  t h i s  d i f f e r e n t i a t i o n  
of t h e  c o a l  beds would be more apparen t  i f  fewer e lements  were used t o  d e f i n e  
c l u s t e r s .  

Whether t h e  b a s i c  groupings a r e  examined from a  s t r a t i g r a p h i c  o r  paleogeo- 
g r aph i c  viewpoint ,  t h e  chemical behavior  of t h e  groups i s  t o  a  l a r g e  e x t e n t  
due t o  t h e  mineral-chemical a s s o c i a t i o n s .  L i t h o p h i l e  elements ( t h o s e  having 
an  a f f i n i t y  w i t h  rock)  a r e  u s u a l l y  c l o s e l y  a s s o c i a t e d  w i th  t h e  q u a r t z  o r  c l a y  
components; l i kewi se ,  many of t h e  cha l coph i l e  e lements  ( t h o s e  having an  
a f f i n i t y  w i th  s u l f u r )  a r e  c l o s e l y  a s s o c i a t e d  w i th  p y r i t e ,  and many of t h e  
e lements  having an a f f i n i t y  w i th  c a l c i t e  a r e  commonly a s s o c i a t e d  w i t h  carbona tes .  
Chemical d i f f e r e n c e s  observed among groups appear  t o  be a t  l e a s t  p a r t l y  due 
t o  d i f f e r i n g  p ropo r t i ons  o r  amounts of t h e  minera l s .  



TABLE VI- 1. Standard coal analyses of bench samples, Herrin Coal (MMC80), dry basis.* 

BENCH SET B 6 * .  

BENCH SET B 7 

BENCH SET B 8 

BENCH SET B 9 

t SEE TABLE 1-1 AND F I G  1-1 FOR ABBREVIATIONS AND SYMBOLS + CALCULATED FROM THE BENCH SET EXCLUSIVE OF THE SHALE (SH)  BENCHESI 
EQUIVALENT TO A FACE CHANNEL TYPE O F  WHOLE COAL SAMPLE 

The composite values for most of the elements in bench set B6 are the lowest 
(or lower than average) of the four bench sets (see figure IV-3 for details). 
These low composite values generally reflect the low mineral matter content 
of this bench set as indicated by the low LTA, HTA, and pyrite values 
(table VI-3). The trace element/mineral associations thus are not especially 
influenced by any one mineral. The few elements that have higher composite 
values in this set (Be, Br, Hg, and Sb) generally occur in association with 
the organic matter; elements occurring mainly in associationwith the minerals 
tend to be fairly low in concentration, 



BENCH SET B 6 

BENCH SET B 7 

BENCH SET B 8 

BENCH SET B 9 

+CALCULATED FROM THE BENCH SET EXCLUSIVE OF THE SHALE (SH) BENCH9 EQUIVALENT TO FACE CHANNEL TYPE OF WHOLE COAL SAMPLE+ 
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TABLE VI-3. Average and composite concentrationst of bench sets coded* for significant differences based on analysis of variance 
between coal benches (shale excluded). 

Clar Y % 
---me.-.-..---- 

5.7a 
st3a 
12t5 b 
7.9ab 
41.3 
9,6ah 

-..-....- 
7.8 

Tot; S r X  
.. .... - - ..- .... - ... .. 
2.93a 
2 39a 
2 + 733 
3 t 033 
4t11 
6.21 b 
.---- 
3+31 

I 15a itla 6.Oa 0.5a 0t14a 2.1a 0t3a 0t27a 3.1a 8 + 7a 
1 1  10s 0.6a 7+4a 0.68 0.19ah zt4ab 0.4a 0, 13a 4.5a 9,ia 

I  I I  20a 2+6 h 10t9 b 1.2 b 0.35 c 4.9 c 0t9 b 0t13a 10.3a X t O a  
I  V  17a 1 t3a 1it6b i t O b  Ot25abc 5.1 c O.6ab 0t38a 5.3a 16.43 

Shale 62 3+8 35.1 3,O it13 13.1 3+1 0.16 50 147 t 
V  I  24a lt3a 14.2 b it2 b 0t27 hc 4+4 bc 0,8ab 0118a 23.0a 37.6~1 

Average 1 5 1 .2 9.4 0 , 8 0 . 23 3.4 0.5 0.18 8 . 6 15.9 

I O,08a 9,9ab 5ab 23a 13a 1 t23 2.23 2.1ab 0.6a 
I  I  0.08a 4.2a 4a 17a 8a 1 .Oa 1 +6a 1.7ab 0.7a 

I 1 1  0t14 b 4.4a 8ab 22a 30 b O.4a 4+0 b 1+4a 1.6 b 
I  V  0.12b 4.ia 9 b  23a 16a 0.8a 3+7 b 3.5ab itOa 

Shale 0.29 17.3 34 69 49 0.6 8+2 7+1 7.9 
V I  0 t 1 3 b  13.6h 25 c 6 6 b  16a 0+5a 3,7 b 4.5 b It3ab 

- - - - - - - ---- ---- -- - - - - --- --- --- --- 
Averaye 0111 6+5 9 2 8 15 0.8 2,7 2.2 1 t o  

I 011Oa 0t08a itOa 0.94a 7.7ab 0.4a 20.68 7ab 
I  I  OtlOa 0110~1 a 0.25~~ 5,8a 0.5a 4itOa 5a 

I 1 1  0126 b 0t22a 2.9a 0,33a 13+9 c 1+2a 94.7a 20 c 
I  V  0.14ab 0t23a a 0,53a 15.5 c 0t4a 99.0a 13abc 

Shale 1.00 0t56 11.5 0 + 72 39.5 3.1 23*0 68 
V I  0t23ab 0t21a 3.3a 0.84a 13.5 hc 2.2a 100 a 18 bc 

Average 0.15 0116 1 +9 0,52 9.4 0t8 68.8 11 

+The values reported are weighted with respect to bench thickness and exclude shales. 

*Concentrations for a particular element or mineral coded with the same letter as other benches 
are not signif icantlr different from one another at the five' ~ercxnt, level using Ilnncarr's Multirle 
Range Test. 



: I : : : : : : : : : : ; I :  
: I I : : : : : : : : : : :  ----- : : : : : : : : : : : : : I  

# , ,  , , , : : : : : : : : : : : I :  
I : : : : : I : : : : : : : : :  
P , ; , I ; ; I ; I ; : ; B a 8  
I I 
I ; I : ; I I I  

0 8 0 

t , ; ; ; ; ; ;  
8 4 a 3 8 

RENCH b 7 6 7 0 8 6 9 7 8 9 6 9 8 7 6  
UNIT r I 11 11 11 I VI VI IV IV IV 111 111 111 111 IU 
SYnHOL * * * * * * X X X X X O O O O O  

RENCH 8 BENCH 6 BENCH 7  - - - - - - - - 
,0'******** \ \ 

' ******** \ ******** \ \  

0 ******** ', 
, U N I T  I \ 

-_____--.- *I****** \ 

$******$ 
\ ******** \ 

*I****** ******** \ 

******** *****I** ' ------ ******** ******** ******** 
U N I T  I - - - - - - - - U N I T  I ******** ,"******** - - - -- , - ******** 
****$*** , ******** - -._I_.----- ******** .,' ******** ******$*'. 

******** ******** 
U N I T  I 1  
* S t * * * * *  ******** 
I******* ******** ******** ******** ** ****** ******** ******** ******** ******** ****$*** 
00000000 
U N I T  111 
000013000 
- - - - - ,,- -. - 
oooooomo 
U N I T  XU 

******** ******** 
I J N I T  I 1  *$****** ******** 

, , 00000000 
/ I J N I T  I11 

nnnooooo 
0130013000 
011000000 

- - - - - - - 00000001l - - - - - - - - - - 
XXXXXXXX 
IJNTl  I V  

BENCH 9 

******** ******** ******** 
IJNIT I 1  
$******* ******** ******** 
I******* ******** *****$** ******** ******** ******** 
I******* - - -- ******** -- ******** - - - .. - - - - - -. -. . 
01'J0130000 
00000000 
00000000 
ooooomm 
U N I T  I11 
00000000 
00000000 - -- 00000000 -- - - - - - 
XXXXXXXX 

I J N I T  I 1  

0000000Q 
00000000 
U N I T  I11 
00000000 
00000000 
1'3131113013130 
130000000 

, -  -- ------ _ _ _ _ _ - - - -  
XXXXxXxx 
U N I T  I V  

00000000 ---__--- - - - - - - - ---- --------- - - _  IJNIT I V  XXXXXXXX 
SSSS SSSS - - -- -_._-_.-I -- --- - __ -_ -  _ 

SSSSSSSS SSSSSSSS scJS!;$jSSs SSSSSSSS - - - - - --- - - - - - - - - - - - - --- - 
XXXXXXxX XXXXXXXX 
XXXXXXXX XXXXXXXX 
XXXXXXXX XXXXXXXX 
UNIT VI UNIT VI ut4:L.r VI xxxxxxxx 
XXXXXXXX 
XXXXXXXX 

U N I T  V I  

_ , _ _ _ _ _  
- -- - ---- - XXXXXXXX 

XXXXXXXX 
......4 - - -  - - -- XXXXXXXX 

-,_ XXXXXXXX 

FIGURE VI-I. (A) Cluster dendogram of chemical constituents by bench number and unit designation; (B) resulting correlation 
of units that cluster in upper three levels of A, shown with shared symbols. 
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FIGURE VI-2. Chemical clusters for each bench set. 



WEIGHTED BENCH AVERAGE = 5 4 6602 
UN-WEIGHTED BENCH AVERAGE = 7.2000 
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FIGURE VI-3. Bench set profiles for pyrite, Fe, As, and Pb from bench set B7. 



This bench set is relatively high in calcite (particularly benches 2, 3, and 
4) and especially high in pyrite, All but the top bed are high in pyrite, 
and the bottom bed has the highest observed pyrite value of all the bench 
sets (22.3%). Cluster analysis showed that this bench set had the greatest 
number of pyritelelement associations of the four bench sets, Bench set 
profiles for pyrite, Fe, As, and Pb are shown in figure VI-3. 

This bench is similar to bench set B6 in that it is fairly low in overall 
mineral matter, but it does have the highest clay content of the four bench 
sets. Elements found in high concentrations in this set include: Al*, Ba, 
Ce, Cs*, Dy, F, K*, La, Mo, Rb*, Sc, Si*, Sm*, Th*, Zn, Zr*, most of which 
are lithophile in nature. (Elements with an asterisk, along with quartz 
and clay, show a similar pattern of behavior.) Bench set profiles for clay, 
Si, Al, and Th are shown in figure VI-4. 

ench set 

Many of the common mineral element associations can be found in this set 
because of its high mineral matter content. Of special interest in this set 
is the exceptionally high calcite content of the top bed (unit VI). The 
clustering procedure groups calcite with the elements Ca, Mg, Sr, Ba, Ag, 
and B. The high concentration of Ca and Sr, along with the slightly 
higher concentration of B in this set (table IV-2) offer supportive evidence 
that these beds had been exposed to percolating sea water. Bench set profiles 
for calcite, Ca, Mn, and Sr are shown in figure VI-5. 

emical correlation 

The important trends of the chemical and mineral data related to the bench 
units are as follows: 

Unit I (fig. VI-1) is generally low in mineral components and high in volatile 
matter and moisture. The only constituents found in high concentrations in 
this unit are B, Ba, Be, Sb, and T1; even these elements are variable among 
the three bench sets containing this unit. 

Unit I1 (fig. VI-1) is characterized by a high calcite content. The 
concentrations of Ca, Mn, and Sr are also high, especially in bench sets B7 
and B9. Although the concentrations of As, B, Ba, Ce, and Mg are not espe- 
cially high in this unit, they tend to correlate well with the calcite/~a/~n/ 
Sr concentrations. 

Unit 111 is characterized by a high clay content and correspondingly high 
concentrations of Al, Cs, Dy, Eu, Hf, K, Lu, Mg, Na, Rb, Sc, Si, Sm, Ta, Ti, 
and Zr; these elements are all lithophile in nature. 

Unit IV, which overlies the shale bench (unit V-not discussed here), is 
undistinguished with respect to mineral/chemical associations, being neither 
high nor low in most constituents. Of the elements with relatively high 
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FIGURE VI-4. Bench set profiles for clay, Si, Al, and Th from bench set B8. 



concen t r a t i ons  (Br, Ga, Hg, Tb, and V ) ,  a l l  bu t  Tb a r e  commonly a s s o c i a t e d  
wi th  t h e  o rgan i c  ma t t e r .  

Unit  V I  (except  f o r  bench s e t  6) i s  h igh  i n  q u a r t z ,  p y r i t e ,  and a sh ;  t h e  
p y r i t e  con t en t  appears  t o  have t h e  g r e a t e s t  i n f l u e n c e  on t h e  chemis t ry .  The 
h ighes t  concen t r a t i ons  ( i n  a l l  t h e  bench s e t s )  of Ag, A s ,  Ce, Co, C r ,  Cu, Fe,  
La, L i ,  Mo, N i ,  Pb, Se, Th, Yb, and Zn a r e  found i n  t h i s  u n i t .  O f  t h e s e  
e lements ,  most a r e  c h a l c o p h i l e  w i th  t h e  except ion  of Ce, C r ,  La, L i ,  and 
Yb, which a r e  l i t h o p h i l e  i n  c h a r a c t e r  and r e f l e c t  t h e  above average  c l a y  
con t en t  of t h i s  u n i t .  
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FIGURE VI-5. Bench set profiles for calcite, Ca, Mn, and Sr in bench set B9. 



Although the trends we have noted here generally hold for the four bench sets 
considered collectively, there are usually exceptions within any one coal 
unit, Since the mineral content in each of the four bench sets differs some- 
what, and since the mineral content appears to be the controlling factor in 
the chemical content of the benches, then chemical similarity among the bench 
sets should not occur frequently. Strong chemical correlations among indivi- 
dual benches based on chemical similarities in composition cannot be found. 
In contrast, there is good stratigraphic correlation of individual benches 
across the four bench sets on the basis of physical characteristics (figure 
IV-4). The exceptions to this are Co, Cu, Lu, and Ni, in which the chemical 
pattern is similar for the four bench sets (e.g., fig, VI-6 for ~i). These 
four elements are often not strongly associated with inorganic minerals, 

Chemical analyses data on whole-coal samples (MMC80) taken for this study 
from widely scattered localities within the Herrin are given in tables VI-4 
and VI-5. The chemical variation of these results is evaluated in terms of 
the arithmetic mean, standard deviation, and the maximum of the analytical 
results of the various elements found in the samples. However, statistical 
evaluation for ten elements is somewhat indefinite because part of the results 
on these elements are upper-limit values (table VI-5), Three alternative 
methods can be used to compute the mean (and standard deviation): (1) ignore 
the samples when the element has a less-than value; (2) set the less-than 
values equal to the given value; (3) set the less-than values equal to zero, 
Method 1 yields a high mean for elements with many less-than values, Method 2 
yields a value that is somewhat high although close to the true mean, Method 3 
yields a value that is probably too low. The true mean lies between the 
results of methods 2 (hiigh) and 3 (low). 

The statistics for the trace elements in all whole-coal samples from the 
Herrin Coal (C499 and MMC80 sample sets) were computed using methods 2 and 
3; the results are given in table VI-6. The low and high statistical values 
are the same for elements having no less-than values (or an insignificantly 
few number of samples), and only one is reported (table VI-6). The differ- 
ences between the high and low means are important only for iodine (I), 
indium (In), and phosphorous (P). 

emical variation of t oal in local areas 

Six local areas in the Herrin Coal have been delineated (section Iv) for the 
purpose of studying the variation of chemical properties in a small area. 
Six elements (S, As, Hg, Pb, Th, and U) have been selected for comparing 
mean concentrations and standard deviations in local areas (fig. VI-7). The 
first four of these elements, classified as chalcophile elements, were among 
13 metals on the EPA list of priority pollutents, 

The sulfur content is lower in L5 than in other local areas, The area L5 
is within the low-sulfur coal region close to the south part of the Walshville 
channel. The mercury content is somewhat higher in L 1  than in other areas, 
The L1 area is located in the northwest part of the basin where the coal has 
been strongly affected by mineralizing solutions. The variation of arsenic 
among local areas is similar to that of mercury, but the average As content 
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TABLE VI-4. Standard coal analyses of local area and regional whole coal samples, dry basis. 

HERRIN COAL 

SPRINGFIELD COAL 



TABLE VI-5. Minor and trace element analyses of local area and regional whole coal samples, dry basis. 

SAMPLE PURPOSE-COBE AG AL AS a EA BE BR C A CD CE CO C R 
(PPB) ( X 1 (YPM) (PPM) (PPM) (FPM) (PPPf) ( % 1 (FPM) (FPM) (PPM) (FPM) 

HERRIN COAL 

R 
R 

L 8 
R 
RL. 1 

L 4 
R 

L 4 
L 5 
1 5  

R 
R 
R 
R 
RL 7 

L 7 
L 7 
L. 7 
L 8 

RL 8 
L 8 

SPRINGFIELD COAL 
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TABLE VI-6. Statistical evaluation of chemical elements in whole-coal samples (C499 and MMC80, R and L purpose codes) from the Herrin Coal. 

Ar i thmet ic  Standard 
1/ me an* dev ia t ion*  

Element Samples U n i t s  Low High Low High Maximum 

*Low and h i g h  s t a t i s t i c s  r e s u l t  from t h e  two methods of computing a s s a y s  t h a  

Ar i thmet ic  Standard 
# me an* dev ia t ion*  

Element Samples Uni t s  Low High Low High Maximum 

Mn 
Mo 
Na 
N i 
P 

Pb 
Rb 
S 

Org S 
PyrS 

Sb 
s c 
Se 
S i 
Sm 

S r 
Ta 
Tb 
Th 
T i  

T  1 
u 
v 
W 
Y b 

Zn 
Zr 

were < t h e  d e t e c t i o n  l i m i t s :  s e e  t e x t  f o r  d e t a i l s .  The dash (-1 i n d i c a t e s  



Sulfur (%) Arsenic (ppm) Thorium (pprn) Uranium ( P D ~ )  

Local area number 

FIGURE VI-7. Arithmetic mean and standard deviation of elemental concentrations of greatest environmental concern from within 
local areas of the Springfield Coal. 

(20 ppm) is high in area L5 and has a large range (1-48 ppm), Samples 
C20641 and 620642, collected from a single mine in L5, have the highest As 
contents (15 and 48 ppm respectively). It should be noted that 620641 is 
a face-channel composite sample and C20642 is a run-of-mine sample (table IV-1). 
The lower As content in C20641 may result from the homogenization in the 
preparation of a composite sample or may be due to the fact that shale bands 
were excluded from analysis. Lead is variable among local areas with the 
highest concentrations in L1, lower concentrations in L5, L7, and L8, and 
the lowest concentration in L2 and L4, This variation reflects various 
degrees of mineralizationcausedby hydrothermal solutions. Thorium is fairly 
uniformly distributed in local areas, Uranium is similar to thorium, but 
its concentration varies widely in L8, 



ution of elements in 

Data i n  t a b l e s  VI-4 and VI-5 and d a t a  from C i r c u l a r  499 samples (Gluskoter  
e t  a l , ,  1977) have been p l o t t e d  on maps t o  d i s cove r  t r e n d s  of a r e a l  d i s t r i -  
bu t i on ,  These maps (VI-8 t o  VI-30) show t h a t  many elements  a r e  r a t h e r  
uniformly d i s t r i b u t e d  and t h a t  a  number of o t h e r  e lements  show c h a r a c t e r i s t i c  
d i s t r i b u t i o n  p a t t e r n s .  These p a t t e r n s  a r e  d i s cus sed  below. 

Sodium, ch lo r ine ,  bromine. F igu re s  VI-8 and VI-9 a r e  contour  maps i n d i c a t i n g  
c h l o r i n e  and sodium con ten t s  i n  t h e  He r r in  Coal,  The sou rce s  of d a t a  used 
i n  t h e  p r e p a r a t i o n  of t h e s e  two maps i nc lude  Gluskote r  and Rees (1964), t h i s  
r e p o r t ,  and some unpublished d a t a .  The most s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  
maps shown i n  f i g u r e  VI-8 and i n  f i g u r e  2 of Gluskote r  and Rees (1964) i s  
i n  an a r e a  i n  sou theas t e rn  I l l i n o i s  around Edwards, Wabash, and White Count ies .  
Gluskote r  and Rees (1964) found t h a t  t h e  C 1  con t en t  of t h i s  c o a l  i s  c o r r e l a t e d  
w i t h  t h a t  i n  groundwater, so  t h a t  i n c r e a s i n g  C 1  con t en t  w i t h  dep th  i s  due 
t o  t h e  f a c t  t h a t  t h e  s a l i n i t y  of groundwater i n c r e a s e s  w i t h  depth.  

F igure  VI-9 shows t h a t  t h e  Na con t en t  a l s o  i n c r e a s e s  toward t h e  deeper  p a r t  
of t h e  b a s i n ,  sugges t ing  a  r e l a t i o n s h i p  between Na i n  c o a l  and i n  ground- 
water .  F igu re  VI-10 shows B r  d i s t r i b u t i o n  i n  t h e  He r r in  Coal. I n  t h e  
main swamp a r e a  t h e  samples w i th  low B r  c o n t e n t s  ( < l o  ppm) l i e  a lmost  e n t i r e l y  
(with  one except ion)  t o  t h e  west of t h e  Walshvi l l e  channel ,  sugges t i ng  a  
tendency of i n c r e a s i n g  B r  con t en t  w i t h  i n c r e a s i n g  dep th  of t h e  c o a l .  But 
t h e r e  i s  n o t  enough d a t a  f o r  t h e  e a s t  p a r t  of t h e  b a s i n  t o  sugges t  a  s i m i l a r  
t r end  t h e r e ,  

Zinc and c a h i w n .  Hatch e t  a l .  (1976) found t h a t  Zn and Cd a r e  more concen- 
t r a t e d  i n  t h e  northwest  and sou theas t  p a r t s  of t h e  ba s in ,  and suggested t h a t  
s p h a l e r i t e  was depos i t ed  i n  t h e  c l e a t s  of coa l .  Our v e r s i o n  of Zn d i s t r i b u -  
t i o n  ( f i g .  VI-11) i s  q u i t e  similar t o  t h a t  of Hatch e t  a l e ;  cadmium and z i n c  
have similar p a t t e r n s  r e f l e c t i n g  t h a t  cadmium i s  a s s o c i a t e d  w i t h  z i n c  i n  
s p h a l e r i t e .  

Boron. The d i s t r i b u t i o n o f B  i n  t h e  He r r in  Coal i s  shown i n  f i g u r e  VI-12, 
Areas w i t h  h igh  B con t en t  (>I50 ppm) are ind i ca t ed .  I n  t h e  main swamp of  t h e  
b a s i n  t h e  high-B a r e a s  a r e  l o c a t e d  t o  t h e  west of t h e  Wa l shv i l l e  channel ;  
s i n c e  t h e  B con t en t  i n  seawater  i s  much h ighe r  than  i n  s u r f a c e  wa te r s ,  t h i s  
sugges t s  t h a t  t h e  pea t  i n  t h e  west margin of t h e  b a s i n  had been sub j ec t ed  
t omore  i n t e n s e  marine i n f l u e n c e  t han  o t h e r  a r e a s .  

Su l fur .  The t o t a l  S con ten t  i n  t h e  He r r in  Coal ranges  from 0.77 t o  6.45 
percen t .  The samples w i t h  lower t han  average  s u l f u r  c o n t e n t s  (<2.5 p e r c e n t )  
a r e  l o c a t e d  most ly  i n  t h e  sou thern  p a r t  of t h e  b a s i n  c l o s e  t o  t h e  Wa l shv i l l e  
channel  ( f i g ,  VI-13); a few samples a r e  l o c a t e d  i n  t h e  e a s t - c e n t r a l  p a r t  of 
t h e  b a s i n  (Vermilion, Douglas and Cumberland Count ies ) ,  The occur rence  of 
low-sulfur c o a l  (<2.5 pe rcen t  S)  may be  r e l a t e d  t o  s p l a y  d e p o s i t s  of contem- 
poraneous r i v e r s .  
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FIGURE VI-8. Areal distribution of chlorine in the Herrin Coal. 
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FIGURE VI -9. Areal distribution of sodium in the Herrin Coal. 
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FIGURE VI- 10. Areal distribution of bromine in the Herrin Coal. 
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FIGURE VP- 11. Areal distribution of zinc in the Herrin Coal. 
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FIGURE VI- 12. Areal distribution of boron in the Herrin Coal. 



SULFUR 

FIGURE VI- 13. Areal distribution of sulfur in the Herrin Coal. 
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FIGURE Vli- 14. Areal distribution of arsenic in the Herrin Coal. 



FIGURE VI- 15. Areal distribution of mercury in the Herrin Coal. 
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INDIANA 

FIGURE VI- 16. Areal distribution of lead in the Nerrin Coal. 



INDIANA 

THORIUM 

< 3  PPm 

2 3  ppm 

Extent of Herrin Coal 

Anvil Rock channel 
coal missing 

Walshville channel 
coal split, thin or absent 

FIGURE VI- 17. Areal distribution of thorium in the Herrin Coal. 

77 



URANIUM 

@ <3ppm 

a 2 3 p p m  

INDIANA 

Extent of Herrin Coal 

Anvil Rock channel 

Walshville channel 
coal split, thin or absent 

20 40 ml 
O T S =  --z= 

O-.-& -. 60 km ISGS 1982 

FIGURE VI- 18. Areal distribution of uranium in the Herrin Coal. 



Mercwy. The a r e a l  d i s t r i b u t i o n  of mercury i n  t h e  He r r in  Coal i s  shown 
i n  f i g u r e  VI-15. Samples w i th  g r e a t e r  t han  0.22 pprn Hg a r e  d i s t r i b u t e d  
p a r t l y  a s  a c l u s t e r  i n  t h e  northwest  p a r t  of t h e  b a s i n  and p a r t l y  randomly 
throughout t h e  ba s in .  

Lead. T h e l e a d c o n t e n t  i n  t h e  He r r in  Coal v a r i e s  from 1 t o  206 ppm. Some 
of t h e  samples w i th  h igh  Pb c o n t e n t s  (>50 ppm) a r e  l o c a t e d  a s  a  c l u s t e r  i n  
t h e  northwest  p a r t ;  o t h e r s  a r e  p a r t l y  s c a t t e r e d  i n  t h e  e a s t - c e n t r a l  and 
sou theas t  p a r t s  of t h e  b a s i n  ( f i g .  VI-16). 

Thorium. Seven samples have h ighe r  Th con t en t  (>3 ppm) t h a n  o t h e r s  (<3 ppm), 
and t h e s e  h ighe r  v a l u e s  a r e  s c a t t e r e d  i n  t h e  norFhwest, sou thern ,  and e a s t -  
c e n t r a l  p a r t s  of t h e  b a s i n  ( f i g .  VI-17). 

Uraniwn. Four samples have >3  pprn uranium con ten t  and a r e  randomly d i s t r i -  
buted throughout  t h e  b a s i n  ( f i g .  VI-18), 

The v a r i a t i o n s  of t r a c e  and minor e lements  i n  whole-coal samples of t h e  
S p r i n g f i e l d  Coal a r e  expressed i n  terms of t h e  a r i t h m e t i c  mean, t h e  s tan-  
dard d e v i a t i o n ,  and t h e  maximum of t h e  a n a l y t i c a l  assays .  These s t a t i s -  
t i c a l  r e s u l t s ,  based on a l l  whole c o a l s  from C i r c u l a r  499 and MMC80 
samples, a r e  g iven  i n  t a b l e  VI-7. 

Chemical variation of the 

S i x  l o c a l  a r e a s  w i t h i n  t h e  S p r i n g f i e l d  Coal have been de f ined  ( s e c t i o n  
IV-3) f o r  purposes  of examining t h e  v a r i a t i o n s  of chemical p r o p e r t i e s  of 
c o a l  samples i n  each r e s t r i c t e d  a r ea .  The a n a l y t i c a l  d a t a  f o r  MMC80 samples 
a r e  g iven  i n  t a b l e s  VI-4 and VI-5, S ince  each l o c a l  a r e a  c o n s i s t s  of only 
f o u r  t o  f i v e  samples t h e  v a r i a t i o n s  i n  l o c a l  a r e a s  a r e  s m a l l e r  t han  t hose  
f o r  t h e  whole bas in .  

F igure  VI-19 shows t h e  mean abundances and s t anda rd  d e v i a t i o n s  of  s u l f u r  
and f i v e  s e l e c t e d  t r a c e  e lements  (As, Hg, Pb, Th, U) i n  each l o c a l  a r ea .  
S u l f u r ,  Th, and U have more-or-less s i m i l a r  mean concen t r a t i ons  i n  s i x  
l o c a l  a r e a s  and over lapping  ranges ,  Mercury con t en t  i n  l o c a l  a r e a  3  (L3) 
i s  somewhat lower t han  o t h e r  a r e a s ,  bu t  t h e  l i m i t s  of one s t anda rd  d e v i a t i o n  
ove r l ap  w i t h  t hose  of L4 and L5. The l a r g e r  s t anda rd  d e v i a t i o n  of Hg i n  
L5 i s  due t o  t h e  presence  of a  high-Hg sample (0.43 ppm) a long  w i t h  o t h e r  
samples of lower Hg con t en t s  (0.05-0.11 pprn), 

Arsen ic  con t en t s  i n  L1 and L 3  appear  t o  be lower t han  i n  L4-L7, which may 
war ran t  f u r t h e r  i n v e s t i g a t i o n .  Lead con t en t s  i n  L5  and L7 show l a r g e  
s t anda rd  dev i a t i ons .  Anomalous h igh  Pb con t en t s  i n d i c a t e  t h a t  some r e s t r i c t e d  
a r e a s  have been a f f e c t e d  by hydrothermal s o l u t i o n s ,  



TABLE VI-7. Statistical evaluation of chemical elements in whole-coal samples ((2499 and MMC80, R and L purpose codes) from the Springfield Coal. 

Arithmetic Standard Arithmetic Standard 
# me an* deviat ion* # me an* deviat ion* 

Element Samples Units  Low High Low High Maximum Element Samples Units  Low High Low High Maximum 

Mn 
Mo 
Na 
N i 
P 

Pb 
Rb 
S  

OrgS 
PyrS 

Sb 
s c  
Se 
S  i 
Sm 

Sr 
Ta 
Tb 
Th 
T i  

T1 
U 
v 
W 
Yb 

Zn 
Z r  

* Lowandhigh s t a t i s t i c s  r e s u l t  from the  two methods of computing assays  t h a t  were < t h e  de t ec t i on  l i m i t s ;  see  t e x t  f o r  d e t a i l s .  The dash (-) i nd i ca t e s  
the low and high va lues  were equal .  

**Useful only  a s  a  guide because s e v e r a l  of  the  high va lues  were a l s o  < values ;  the  l i s t e d  maximum i s  t he  maximum ana ly s i s  above t he  de t ec t i on  l i m i t .  



Sulfur (%) Arsenic (ppm) Mercury (XIO-~ g/ Lead ( P P ~ )  Thorium (ppm) Uranium (ppm) 

Local area number 

FIGURE VI- 19. Arithmetic mean and standard deviation of elemental concentrations of greatest environmental concern from 
within local areas of the Herrin Coal. 

Regional distribution of elements in t 

The data in tables VI-4 and VI-5 and in Circular 499 for the Springfield 
Coal have been plotted on maps to show areal distribution of elemental 
abundances in the Springfield Coal, The elements that show characteristic 
patterns in the Herrin Coal also have similar patterns in the Springfield 
Coal. Apparently the geologic processes that caused trace element variations 
had affected both coal seams. 

S o d h ,  chlorine, and bromzke, Areal distributions of C1 and Na in the 
Springfield Coal are shown in figures VI-20 and VT-21. The sources of data 
include Gluskoter and Rees (1964), this report, and some unpublished data. 



FIGURE VI - 20. Areal distribution of chlorine in the Springfield Coal. 
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FIGURE VI-21. Areal distribution of sodium in the Springfield Coal. 
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FIGURE VI-22. Areal distribution of bromine in the Springfield Coal. 



The distribution patterns of these elements in the Springfield are quite 
similar to those found in the Herrin; however, the 0.4 and 0.6 percent 
chlorine lines are rather hypothetical because of the scarcity of samples 
in the deeper part of the basin. These high-concentration lines arelikely 
to be significantly changed when more samples become available. 
The Bromine distribution inthe Springfield Coal is shown in figure VI-22. 
Samples located along the southeastern basin margin have <10 pprn Br, and 
samples located to the west have >10 pprn Br, suggesting a possible rela- 
tionship between Br and the depth. But most samples from the southern 
basin margin in the state of Illinois have higher Br contents, and there 
appears to be no relation to depth. 

Zinc and cadmium. The regional distributionof zinc in the Springfield 
Coal is shown in figure VI-23. Most samples with high Zn contents (>I00 ppm) 
are located in the northwest and southeastern parts of the basin. Three 
exceptions are one sample each from Shelby and Marion Counties, and one from 
Indiana. As in the Herrin Coal, the Zn enrichment resulted from sphalerite 
mineralization. The distribution pattern of Cd is similar to that of Zn, 
since Cd occurs in sphalerite. 

Boron. Regional distribution of B in the Springfield Coal is shown in 
figure VI-24. Samples with high B contents (>I20 ppm) are distributed in 
the northwest, and in the east and southwest margins of the basin. Samples 
located close to the Galatia channel have significantly lower B contents 
(48-105 pprn), probably because of the influence of low-B freshwater from the 
river. 

SuZfur. Eight samples have c2.5 percent sulfur (fig. VI-25); the low-sulfur 
samples are distributed along the Galatia channel. 

Arsenic. Figure VI-26 shows the areal distribution of As in the Spring- 
field Coal. Most of the samples with high As contents are located in the 
southeastern part of the basin. 

Mercury. A few samples have - >0.3 ppm Hg and are scattered in the basin 
(fig. VI-27). 

Lead. Areal distribution of lead in the Springfield Coal is shown in 
figure VI-28. Most samples with >30 pprn Pb are from the southeastern part; 
one sample comes from the northwestern part of the basin. 

Thorium. Samples with somewhat high Th contents ( > 2  - ppm) are scattered 
throughout the basin (Iftg. VI-291, 

Uranium. Samples with relatively high U contents ( ~ 1 ~ 5  - ppm) are scattered 
in the basin (fig. VT-30). 



FIGURE VI-23. Areal distribution of zinc in the Springfield Coal. 



FIGURE VI-24. Areal distribution of boron in the Springfield Coal. 
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FIGURE VI- 25. Areal distribution of sulfur in the Springfield Coal. 



ARSENIC 

FIGURE VI-26. Areal distribution of arsenic in the Springfield Coal. 
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FIGURE VI-27. Areal distribution of mercury in the Springfield Coal. 



LEAD 

O <30 ppm 

ID 230ppm 

FIGURE VI-28. Areal distribution of lead in the Springfield Coal. 



FIGURE VI-29. Areal distribution of thorium in the Springfield Cod. 
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FIGURE VI-30. Areal distribution of uranium in the Springfield Coal. 
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The INAA procedure,  which uses  c o a l  powders (as opposed t o  a s h ) ,  
w i l l  have s i g n i f i c a n t  e r r o r s  a t t r i b u t a b l e  t o  poor count ing s t a t i s t i c s .  
E r ro r s  a r e  p a r t i c u l a r l y  l i k e l y  t o  occur  i n  de te rmina t ions  f o r  C e ,  C s ,  Dy, Eu, 
Ga, Hf, I n ,  Lu, Rb, Sb, Se, Sm, Tb, Th, U,  W,  and Yb because of t h e  low 
l e v e l s  of t h e s e  elements  i n  t h e  mine ra l -de f i c i en t  f l o a t  f r a c t i o n .  

Other methods used i n  t h i s  s tudy  ( s e c t i o n  111) r e q u i r e  a high-temperature 
a s h  sample f o r  a n a l y s i s  and have a d i f f e r e n t  s e t  of problems. There i s  a 
good p o s s i b i l i t y  t h a t  t h e  smal l  amounts of a sh  produced i n  t h e  l i g h t e r  f r a c t i o n  
could become contaminated, The l o s s  of elements dur ing  ash ing  could be 
enhanced i n  t h e s e  l i g h t e r  f r a c t i o n s  because of t h e  use  of perch loroe thylyene ,  
which would add c h l o r i n e ;  t h e  format ion  of v o l a t i l e  me ta l  h a l i d e s  could 
t h e r e f o r e  r e s u l t  i n  t h e  l o s s  of an element,  

One check of t h e  a n a l y s i s  i s  provided by comparing t h e  r e s u l t s  of t h e  s t a r t i n g  
c o a l  used (3/8" x 28 mesh) w i t h  cumulative summation of t h e  s p e c i f i c  g r a v i t y  
f r a c t i o n s  ad jus t ed  f o r  each i n d i v i d u a l  y i e l d .  Table  VI-LO g ives  t h e s e  re- 
s u l t s  as a r a t i o  of t h e  c a l c u l a t e d  100 percent  recovery  w i th  t h a t  of t h e  
s t a r t i n g  coa l .  I n  g e n e r a l ,  r e s u l t s  wi th  both procedures  a r e  ve ry  s i m i l a r  
when t h e  a s s o c i a t e d  a n a l y t i c a l  e r r o r s  are cons idered .  S i g n i f i c a n t  e r r o r s  
i n  one o r  more of t h e  fou r  washed samples a r e  found on ly  f o r  Mg, Ba, 
B r ,  Eu, Hf, Hg, Lu, Mo, Sb, S r ,  Ta, Tb, U, W, and Yb (only 25 r e s u l t s  i n  more 
than  200), I n  most ca se s  t h e  e r r o r s  can be a t t r i b u t e d  t o  t h e  low l e v e l s  of 
t h e s e  elements ,  p a r t i c u l a r l y  i n  t h e  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 ,  

TABLE VI-10. Mass balance: ratio of the elemental composition of the washed coal data (extrapolated to 100% recovery) to that 
of direct analysis of starting sample, the 318 x 28M coal. 

Si 
A1 
F e 
Mi3 
C a  
Na 
K 
'T i 
P  
M  n 
Sul S 
P r r  S 
Or3 S 
T o t  S 
F 
454 
As 
B 
Ba 
Be 
Br 
C d  
Ce 
Co 
C r  
C s  
C u  
D r  
E ~..l 

Gi3 

Ge 

0 185 
0 + 87 
it33 
3 + 00 
0.47 
1102 
0193 
1.00 
t f t t  
1 + 00 
0144 
1.15 
0 197 
Ot99 
1 t 16 
0195 
1.08 
Ot81 
0 162 
0 178 
1185 
ftt* 
1 * 10 
1 .OO 
1100 
1 too 
0195 
I. * 1 1 
1 t i i  
1too 
1+18 

1104 
it02 
1.00 
1 + 00 
0 + 85 
1105 
iton 
1.00 

1::. 1 1 0 9 
0191 
0 + 80 
1,013 
1 * 11 
1 0 05 
0166 
ttst 
1,oo 
tttt  
0 + 97 
t&*t 
i.11 
L*t* 
1+07 
0 97 
1.08 
1.00 
0.96 
1 + 1 
1.45 
0.96 
t t t t  

H f  
ti9 
In 
La 
Li 
Lu 
Mo 
Ni 
P b  
Rb 
Sb 
Sc 
Se 
5 Ill 
Sr 
TE) 
Tb 
Th 
T1 
U 
V 
w 
Yb 
Z n  
Z r  
Qtz 
C a l  
P r  r 
C l a r  
LTA 

1.5 
i t 1 1  
0 68 
0.88 
1.08 
1.22 
*t** 
1100 
0 96 
l+OO 
1 .oo 
1 ,oo 
it04 
0.92 
0 + 94 
it5 
1 12 
1.11 
tttr 

::. 1 t 1 3 
*St# 

:::. 1 t 0 0 
it25 
0 187 
1 .OO 
Oe83 
0 183 
1tOO 
1+05 
1.00 



Washability tests produce data in the form of measured concentrations for 
each of a series of specific gravity fractions ofknown yield or percentage 
of fraction of the raw sample. The data by itself or displayed graphically 
in the form of histograms provide only limited information on washability 
behavior, 

A more useful method of displaying washability data is in the form of a 
washability curve, a cumulative curve based on the data for each specific 
gravity fraction weighted according to the yield, The cumulative weighted 
concentrations are plotted versus cumulative yield (recovery), The calcu- 
lated concentration of 100 percent recovery should then represent the 
elemental concentration in raw coals; the low recovery end of the curve 
represents the cleanest and most mineral matter free part of the coal, 

The actual calculations used to construct the washability curve can be 
summarized by the following equation: 

CUMCON(1) = [CUMCON(I-1) CUMYLD (1-1) ] + [CON(I) ,YLD (I) ] 
C m L D  (I) 

eq. 1 

where, CON = 

CTJMCON = 

YLD = 

CUMYLD = 

measured elemental concentration for each specific gravity 
fraction 

cumulative elemental concentration 

weight fraction of each specific gravity fraction (yield of 
recovery) 

cumulative weight fractions 

Washability tests are used to determine whether the elements are associated 
with the organic or inorganic fractions of the coal.'~he moreclosely an 
element is associated with the mineral matter in coal the greater chance 
there is that it can be removed (washed) from the coal by the proper choice 
of specific gravity medium. Washability curves with positive slopes repre- 
sent situations in which the washing procedures tend to remove mineral consti- 
tuents, The chalcophile elements, for instance, are closely associated with 
mineral matter in coal and thus can be efficiently removed from the coal by 
these procedures. The series of curves shown in figure VT-31 demonstrates 
the intimate association of pyrite with Fe, pyritic S ,  As, Mo, and T1, All 
the illustrated curves (except for Mo) are nearly identical in shape, indi- 
cating at least 50 percent reduction In these elements between 100 percent 
recovery and 80 percent recovery, 

In contrast, elements or mineral which have small grain size or lower specific 
gravity are not so efficiently removed and give less positive or flattened 
washability curves, The slope can become negative for a few elements: Br, 
Ge, Sb, U, and V, 

The example in figure VI-32 demonstrates the effect of a mixed phase asso- 
ciation on washability behavior, Sulfur is known to occur in coal in asso- 
ciation with sulfate minerals, with sulfide minerals (primarily pyrite), and 
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FIGURE VI-31. Washability curves for pyrite, Fe, As, pyritic S, As, Mo, and TI in washed samples (Wl) of the Springfield Coal. 
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FIGURE VI-32. Washability curves for total S (curve A), organic S (curve B), and pyritic S (curve C) in washed samples (Wl) of 
the Springfield Coal. 

with organic matter. In this example the total sulfur comes from two major 
sources-pyritic sulfur and organic sulfur. Tt can be seen that the initial 
reduction in total sulfur is due entirely to the reduction in pyritic sulfur. 
Below 80 percent recovery, the washability behavior of total sulfur is con- 
trolled by the organic sulfur, which is not removed by specific gravity 
cleaning and actually shows a slight increase, 

Washability curves indicate how effectively an element might be removed at 
a coal cleaning plant by washing procedures, Coal cleaning operations in 
Illinois normally operate at about an 80 percent weight recovery rate of the 
feed coal. Table VI-11 compares the 80 percent recovery concentration with 
the values at 100 percent recovery. Included in the table are data adapted 
from Cavallaro et al. (1978). 

Data in this table indicate that those elements that can be most completely 
removed from the coal are those commonly associated with mineral matter- 
pyrite and other sulfides (Fe, Zn, Cd, As, TI, and pyritic S) and calcite 
(Ca and Mn). Elements that consistently cannot be effectively removed (B, 
Be, Br, Ge, Ni, U, V, and W) are interpreted to be associated with organic 
matter. 

In order to quantify washability behavior and to evaluate the extent of 
mineral matter association an organic afflnity index was devised by Gluskoter 
et al. (1977) and expanded by Kuhn et a1 (1980). This index represents the 
degree of association that an element from a particular coal has with organic 
phases, as determined from washability data. The lower the index, the greater 



TABLE VI- 11. Washability results for two recovery points (100% and 80%) for washed coal sets (purpose codes W1 -W4), and two 
other sets computed from data in Cavallaro et al., 1978. 

PrS v % 
OrS v % 
ToS r % 
F 
A s  r F S P ~  
A s  
B 
Ba 
Be 
Br 
Cd 
Ce 
Co 
Cr 
Cs 
C u 
Et Y 

1: U 
Ga 
Ge 
H f 
H 3 
I n 
La 
L i 
Lu 
Mo 
N i 
Pb 
Rb 
Sb 
Sc 
S e 
S Ill 

S r  
Ta 
Tb 
Th 
T 1 
U 
V 
W 
Y b 
Z n 
Zr 
Qtz? % 
C a l t %  
P s r ? %  
ClarrX 
LTA 9 % 

t Cortcentrat ions  are irt prnt c ~ n l e s s  o t h e r w i s e  i r t d i c a t e d .  



the inorganic mineral matter association; the higher the index, the higher 
the organic assocation. 

The derivation and procedures for calculating the organic affinity index are 
provided by Kuhn et al. (1980). Briefly, the organic affinity is defined 
as the area under a normalized and adjusted washability curve, adjusted 
(corrected) for what is called inseparable mineral matter. The correction 
factor F is based on the assumption that part of the mineral matter in coal 
cannot be separated from the coal during the washing procedure. It is also 
assumed that the amount of this inseparable mineral matter is approximated 
by the low temperature ash value of the lightest specific gravity fraction, 
The final assumption is that the concentration of the constituent of interest 
in this inseparable mineral matter fraction is the same as the concentration 
in the heaviest specific gravity fraction, 

The correction factor is thus obtained from the expression: 

eq. 2 

This value is then substracted from the individual concentrations of each of 
the specific gravity fractions before that value is used in eq, 1 for the 
construction of the washability curve. 

The adjusted washability curve is normalized to fit a constant grid size, the 
area of which is defined as being equal to 1.00 to 100 percent recovery. 
The area that falls below the curve then represents some fractional portion 
of 1.00. 

The area under the curve may be determined in a numberofways. For this 
study, the adjusted washability data were plotted on a line printer with 
the background grid systematically filled with characters. The curve was 
then sketched in and the number of characters falling below the curve was 
counted. This method was found to be quite satisfactory. 

The calculated organic affinities of the washability sets-two from the 
Herrin Coal (purpose codes W3 and ~ 4 )  and two from the Springfield Coal 
(W1 and W2)-are shown in table VI-12, Included in the table are the 
organic affinities for two Herrin washed coal sets (W1 and W2) reported in 
Kuhn et al, (1980) and also in Gluskoter et al, (1977). 

Wide ranges in the calculated organic affinity sometimes occur; this must 
be kept in mind as the results are interpreted, The particle size as well 

\_ as the density of a mineral will control its washability characteristics. 
Quartz and clay minerals, which had organic affinities ranging from .14-.52, 
could be classified as inorganic to intermediate-organic on the basis of 
the criteria of Gluskoter et ale (1977). Elements associated with these 
minerals will also often reflect the behavior of the mineral. 





TABLE VI- 13. Summary of organic affinity results. 

Average 
organic  
a f f i n i t y  

index Assoc ia t ion  and c o a l  component 

<0.3 STRONG INORGANIC ASSOCIATIONS (10 elements and 2 ep igene t i c  mine ra l s )  

A s ,  Ba, Ca, Cd, Fe, Mn, Mo, Pb, TI,  Zn, p y r i t e ,  c a l c i t e  

0.3-0.8 MIXED ASSOCIATIONS (33 elements and syngenet ic  mine ra l s )  

Ag, A l ,  Ce, Co, C r ,  C s ,  Cu, Dy, Eu, F, Ga, Hf, Hg, In*, K, La, 

L i ,  Lu, Mg, Na, Rb, Sc, Se, S i ,  Sm, S r ,  Ta, Tb, Th, T i ,  Yb, 

Z r ,  c l a y  minera l s )  q u a r t z  

>0.8 HIGH ORGANIC ASSOCIATIONS (10 elements) 

B, Be, B r ,  Ge, N i ,  P*, Sb, U, V, W* 

*Analyt ical  v a l u e s  h igh ly  unce r t a in ,  e s p e c i a l l y  i n  t h e  l i g h t e r  f r a c t i o n s  analyzed. 

Despite the stated drawbacks several general trends are apparent in the 
data summarized in table VI-13, Elements and minerals were assigned 
to three general classifications (strong inorganic association, strong 
organic association, or a mixed association) if they were consistently 
included in one of the three groups. Se and Cr had hTgh organic associa- 
tion in two of the six sets but mixed associations in the.other four sets. 

Arsenic, Ba, Ca, Cd, Fe, Mn, Mo, Pb, T1 and Zn all showed consistent high 
inorganic association, Calcite (dolomite) and pyrite and trace(s) of other 
sulfur minerals (sphalerite, barite, galena) undoubtedly control distribu- 
tion of these elements, These minerals have higher specific gravities and 
occur more often in cleat fractures Tn the coals than do other mineral 
phases such as the clays; therefore, they are more efficiently removed by 
specific gravity methods, 

Boron, Be, Br, Ge, Ni, Sb, U, and V are strongly associated with organic 
matter in these coals. Gemanfum, Be, Br, B, U, and V were consistently 
classified as organic in previous work (Gluskoter, 1977). Thehigh organic 
affinity for antimony (P,54 in the Herrin set W3) is consistent with 
previous results (Kuhn et al., 1980) in which antimony often showed high 
retention in coal demineralized with various acids, Although nickel showed 
mixed association in previous studies (~luskoter et al., P977), three of 
the four samples in this study were reported to yield affinities greater 
than 0.9. 

The majority of the elements (33 of 54 measured) are of mixed association; 
their affinities fall somewhere between a clear organic or inorganic asso- 
ciation. The elements in this group are normally associated with clay 
minerals or are lithophile in nature. This includes the rare-earth elements 
(the Ce through Lu line of fig. I-I), Ag, Al, Cs, F, Ga, Hf, K, Li, Mg, Na, 
Rb, Sc, Si, S r ,  Ta, Th, Ti, and Zr. Some of the fluorine (F) probably 
occurs in the apatite mineral grains (see section VEI, and plate VII-f: 
Anomalously, the clay minerals fall in this mixed group because of their 
ultra small grain size and their frequent occurrence as tiny inclusions 
in the coal macerals, This characteristic occurrence of the clays probably 



accounts  f o r  t h e  mixed a s soc ia t ionofmany  of t h e  forenamed elements. 
Cobalt ,  C r ,  Cu, and Se had moderately high organic a f f i n i t e s  but  a l s o  were 
q u i t e  v a r i a b l e .  Chromium, f o r  example, ranged from 0.37-1.19 and selenium 
from 0.28-1.40. This  i n d i c a t e s  t h a t  f o r  t hese  elements t h e r e  may be two 
forms present  t h a t  w i l l  vary  depending on t h e  l o c a t i o n  of c o a l  samples. 
Selenium could be present  i n  organic form a s  we l l  i n  s u l f i d e  minerals .  The 
genera l  r e l a t i o n s h i p  between organic  s u l f u r  and t h e  organic a f f i n i t y  of 
selenium, however, i s  not  c o n s i s t e n t ,  a s  shown i n  f i g u r e  VI-33. 

Relationship of chemical analyses to organic a 

Direc t  a n a l y s i s  of mineral  g r a i n s  i n  c o a l  v i a  a  scanning e l e c t r o n  microscope 
equipped wi th  an energy-dispersive x-ray ana lyzer  has r e s u l t e d  i n  t h e  i n  s i t u  
i d e n t i f i c a t i o n  of minera ls  i n  coa l  ( see  s e c t i o n  V I I  of t h i s  r e p o r t ) .  S p e c i f i c  
elements o f t e n  can be assigned t o  p a r t i c u l a r  t r a c e  minera ls  such a s  z inc  t o  
s p h a l e r i t e  o r  barium t o  b a r i t e .  However, i t  i s  d i f f i c u l t  t o  o b t a i n  informa- 
t i o n  on theminor  and t r a c e  components of minera l  g r a i n s  by t h i s  technique. 
Analysis of s u f f i c i e n t  q u a n t i t i e s  of hand-picked minera l  g ra ins  and coa l  
macerals ,  a l though ted ious ,  provides information on t h e  minor components of 
s p e c i f i c  minerals .  

Four hand-picked v i t r a i n  and t h r e e  hand-picked minera ls  were included i n  
t h i s  s tudy,  The chemical r e s u l t s  a r e  t abu la t ed  i n  t a b l e  VI-14. Because 
of t h e  l imi t ed  amount of sample a v a i l a b l e ,  r e s u l t s  were obtained only  by 
INAA, XRF, and AA on t h e  four  v i t r a i n  samples. 

I f  t h e  assumption ismade t h a t  v i t r a i n  samples con ta in  very  l i t t l e  f i n e l y  
d ispersed  mineral  ma t t e r ,  r e s u l t s  f o r  t h e  fou r  v i t r a i n  samples can be 
considered a s  represent ing  t h e  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 r  a  

Organic sulfur (%) ISGS 1982 

FIGURE VI-33. Organic affinity index for Se vs concentration of organic S in whole-coal samples. 



TABLE VI - 14. Hand-picked vitrain and minerals. 

*CAL=calcite; EEF L=Fe 

direct measure of what elements are organically associated. The samples 
of vitrain analyzed unfortunately do not come from coal samples for which 
calculated organic affinities are available, They do, however, come from 
four different areas of the Illinois Basin and hence should be a good 
approximation of the range of concentrations expected in vitrain samples. 

Arsenic, Br, Co, Cu, Fe, Ni, Pb, Se, U and Zn occur at concentrations in 
the vitrains comparable to the levels found in the light specific gravity 



f r a c t i o n s ;  t h i s  impl ies  t h a t  t hese  elements a r e  incorpora ted  i n  coa l  - 
macerals e a r l y  i n  t h e  c o a l i f i c a t i o n  process a s  included mineral  g r a i n s  o r  
a s soc ia t ed  with o r i g i n a l  p l a n t  m a t e r i a l s .  The l e v e l s  of t h e  o t h e r  elements 
p re sen t  i n  t h e  v i t r a i n  samples a r e  lower than t h e i r  concent ra t ions  i n  t h e  
l i g h 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 .  This group inc ludes  t h e  r a re -ea r th  
elements,  a s  we l l  a s  A l ,  K, S i ,  Na, Rb, and C s .  These elements may be i n  
a s s o c i a t i o n w i t h  c lay  minerals  t h a t  remain i n  t h e  l i g h 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 ,  but  po r t ions  of t hese  may a l s o  be d ispersed  through t h e  coa l  
macerals i n  an organic  a s s o c i a t i o n  ( s e c t i o n  V I I  of t h i s  r e p o r t ) .  

The chemical r e s u l t s  f o r  t h e  hand-picked minera ls  i n d i c a t e  a  number of 
expected a s soc ia t ions ,  The c l e a t  c a l c i t e  sample contained expected h igh  
l e v e l s  of Mn, Sr  and Ba, Also included i n  t h e  c a l c i t e  sample were t r a c e s  
of o t h e r  minera ls ,  k a o l i n i t e  type c l ay  and p y r i t e ,  The presence of t hese  
minerals  i n  t h e  c a l c i t e  expla ins  t h e  presence of A s ,  Zn, and Fee The 
second sample was a  mixture of two hydrated phases of i r o n  s u l f a t e ,  formed 
i n  t h e  coa l  by oxida t ion  of p y r i t e  coa l .  I ron ,  Co, Cu, N i ,  A s ,  Mn and Na 
were a t  e leva ted  concent ra t ions  i n  t h i s  sample. The t h i r d  sample was a  
r e l a t i v e l y  pure b a r i t e  which a l s o  contained 1.23 percent  s t ront ium. 

The elements B,  Be, G e ,  and U ,  which gene ra l ly  show s t rong organic assoc ia-  
t i o n s ,  were not  de tec ted  i n  t h e  t h r e e  mineral  samples; however, Sb, V,  and P ,  
which a l s o  o f t e n  show organic a s soc ia t ion ,  were present  i n  t h e  mixed iron-  
s u l f a t e  sample, 





Elements occur  i n  c o a l  i n  o rgan i c  (maceral)  a s s o c i a t i o n  and i n  i no rgan i c  
mine ra l s .  Bulk chemical t echniques  a r e  used t o  i d e n t i f y  e lements  i n  
c o a l ;  however, t h e s e  techniques  do n o t  a l l o w  t h e  de t e rmina t i on  of t h e  
d i s t r i b u t i o n  of e lements  ( e i t h e r  o r g a n i c a l l y  bound o r  a s  mine ra l s )  a t  t h e  
l e v e l  of s p e c i f i c  g r a i n  l o c a t i o n s .  Assoc i a t i ons  which may e x i s t  among 
v a r i o u s  e lements  i n  macera l s  and mine ra l s  can b e  s t u d i e d  by means of a  
scanning e l e c t r o n  microscope equipped w i th  a n  energy d i s p e r s i v e  x-ray 
ana lyze r .  

I n  t h i s  s t udy  t h e  scanning e l e c t r o n  microscope (SEM) was combined w i t h  a n  
energy d i s p e r s i v e  x-ray (EDX) ana lyze r  t o  determine t h e  d i s t r i b u t i o n  of 
d e t e c t e d  elements.  SEM images of m ic rosu r f ace s  show mine ra l  and maceral  
morphologies and a s s o c i a t i o n s .  EDX peak presence  and t h e  r e l a t i v e  peak 
i n t e n s i t i e s  p rov ide  a  q u a l i t a t i v e  composi t ion of t h e  microsur faces  imaged 
by t h e  SEM. The combined SEM-EDX ana ly se s  y i e l d  in format ion  t h a t  is  n o t  
o the rwi se  a v a i l a b l e .  

Two types  of c o a l  specimens were s t ud i ed  ( t a b l e  VII-1): b locks  and 
g ranu l a r  p e l l e t s .  The b locks  were c u t  t o  have a  s u r f a c e  a r e a  about 1 cm2 
normal t o  t h e  bedding of t h e  coa l .  The b locks  had been p rev ious ly  s t u d i e d  
wi th  an o p t i c a l  microscope and c h a r a c t e r i z e d  a s  t y p i c a l  of t h e  b r i g h t  
banded mine ra l - r i ch  l i t h o t y p e  of c o a l  ( u n i t  I I I B )  by Johnson (1979).  They 
were from c o a l  beds which a r e  s t r a t i g r a p h i c a l l y  encompassed by sample 
C20983, which i s  inc luded  i n  t h e  bench sets d i s cus sed  i n  s e c t i o n s  V and V I  
of t h i s  r e p o r t .  The g r anu l a r  p e l l e t s  were epoxy mounts made of t h e  1 . 6  
g r a v i t y  s i n k  f r a c t i o n  a f t e r  t h e  f r a c t i o n  had been crushed t o  p a s s  a  60M 
sc r een .  These h i g h  g r a v i t y  samples were s p l i t s  of t hose  chemica l ly  
analyzed i n  t h e  w a s h a b i l i t y  t e s t s  (W3 and W4) of t h e  He r r in  Coal,  and t hey  
were expected t o  be  enr iched  i n  t r a c e  elements p o s s i b l y  concen t r a t ed  i n  
some t r a c e  minera l  g r a i n s .  

I n  pe t rog raph i c  s t u d i e s  o f  c o a l s  u s ing  a n  o p t i c a l  microscope, t h e  o rgan i c  
c o n s t i t u e n t s  a r e  c l a s s i f i e d  i n t o  t h r e e  major maceral  groups ( v i t r i n i t e ,  
l i p t i n i t e ,  and i n e r t i n i t e ,  t a b l e  11-2) . Stan ton  and Finkelman (1979) were 
a b l e  t o  d i s t i n g u i s h  t h e s e  groups on po l i shed  c o a l  p e l l e t s  i n  SEM back- 
s c a t t e r e d  mode; however, i n  a  p rev ious  s tudy  (unpubl ished)  we had found 
it d i f f i c u l t  t o  e v a l u a t e  po l i shed  specimens of coa ly  m a t e r i a l s  i n  t h i s  mode 
a s  w e l l  a s  i n  t h e  secondary emission mode. To improve t h e  image q u a l i t y  
we e tched  our  specimens i n  t h e  low tempera ture  asher  (LTA). A pe r iod  of 
30 minutes  i n  t h e  LTA e f f e c t i v e l y  e tched  t h e  most r e a c t i v e  o rgan i c  
c o n s t i t u e n t s  and produced a much improved q u a l i t y  of image i n  t h e  SEM. The 
e tched  specimens were carbon coa ted  p r i o r  t o  t h e  SEM s t u d i e s .  



LE VIH- I. SEM specimens studied for mineral, maceral and trace element associations. 

Specimen Specimen 
No TY pe Sample No Source 

Block 

Block 

Block 

Block 

Granular 
P e l l e t  

Granular  
P e l l e t  

Upper, u n i t  I I I B ,  
Column 6 ,  Mine 866 

CP193 1-3H-l* Middle, Unit  I I IB ,  
Column 6 ,  Mine 866 

CP 193 1 -3H-2* Middle, Unit I I I B ,  
Column 6 ,  Mine 866 

CP 193 1 -3H-3* Middle, Unit I I I B ,  
Column 6 ,  Mine 866 

C20666 I .6 Sink, Mine 928 

C20690 1.6 Sink,  Mine 877 

* S t r a t i g r a p h i c a l l y  equiva len t  t o  nearby sample C20983, a l s o  from u n i t  I I I B .  
Specimens descr ibed  by o p t i c a l  microscopy; u n i t s  def ined  by Johnson (1979). 

Each specimen w a s  f i r s t  o p t i c a l l y  s t ud i ed  w i th  a pe t rog raph i c  microscope, 
by u s ing  a  l ox  d ry  o r  a  50x o i l  o b j e c t i v e  l e n s .  Maceral p a r t i c l e s  and 
some minera l  g r a i n s  were thereby  i d e n t i f i e d  and mapped. When o i l  was used 
it was subsequent ly  removed w i t h  a  quick xylene r i n s e ,  followed by soapy 
hot  wa t e r ,  pho to f lo  wash, and hot  wate r  r i n s e .  A f t e r  a i r  d ry ing ,  t h e  
specimen was made ready f o r  SEM s tudy  by t h e  LTA e t ch ing  o p e r a t i o n  fol lowed 
by carbon c o a t i n g  under vacuum. 

A Cambridge SEM equipped w i th  a  Nuclear Diodes EDX ana lyz ing  system 
( loca t ed  a t  t h e  Un ive r s i t y  of I l l i n o i s  Center f o r  E l ec t ron  Microscopy) was 
used f o r  t h i s  s tudy .  Maximum x-ray s i g n a l  was achieved by ope ra t i ng  t h e  
e l e c t r o n  gun a t  20 KV and a d j u s t i n g  t h e  specimen o r i e n t a t i o n  and condenser 
p o t e n t i a l s  i n  t h e  secondary emission mode. Microphotography r e q u i r e d  
s l i g h t l y  d i f f e r e n t  o r i e n t a t i o n s  and condenser s e t t i n g s .  

ATA 

Carbon coa t i ng  does  n o t  i n t e r f e r e  w i th  t h e  EDX a n a l y s i s ,  bu t  i n  our  s tudy  
i t  l i m i t e d  t h e  u s e f u l  magn i f i ca t i on  t o  about 5,000X. With t h e  equipment 
used,  only a  f e w  of  t h e  t r a c e  e lements  %own t o  occur  i n  t h e  samples were 
s u f f i c i e n t l y  e x c i t e d  by t h e  ope ra t i ng  v o l t a g e  of t h e  SEM. Given t h e  
composi t ion of t h e  c o a l s  i t  was p o s s i b l e  t o  d e t e c t  o n l y  t h e  e lements  w i th  
a tomic numbers from 11 (Na) t o  about 30 (Zn) p l u s  Ba, For t h e  e lements  
d e t e c t a b l e  by t h e  EDX system, t h e  system g e n e r a l l y  d e t e c t s  them a t  
c o n c e n t r a t i o n s  a s  l i t t l e  a s  a  few percen tage  p o i n t s  o r  l e s s  w i t h i n  t h e  
a r e a  e x c i t e d  by t h e  e l e c t r o n  beam of t h e  SEM (Finkelman, 1978).  However, 
i f  t h e  element i s  n o t  wide ly  d i spe r sed  w i t h i n  t h e  specimen it may go 
unde tec ted ,  given t h e  t ime  c o n s t r a i n t s  on t h e  a n a l y s t  t o  s tudy  t h e  specimen 
a t  u l t r a - h i g h  magn i f i ca t i on .  

The SEM-EDX system al lowed on ly  q u a l i t a t i v e  x-ray a n a l y s i s .  The r e l a t i v e  
composi t ion of t h e  e lements  d e t e c t e d  was determined from observed peak 



h e i g h t s  i n  counts  p e r  second, co r r ec t ed  on ly  f o r  t h e  background s i g n a l .  
The ana ly se s  were r e s t r i c t e d  t o  r e l a t i v e  measures,  such as ranking  of peak 
s i z e ,  and frequency of peak occurrence.  However, f o r  s u l f u r  d i s t r i b u t i o n  
s t u d i e s ,  t h e  a b s o l u t e  counts  of s u l f u r  and t h e  r a t i o  of i r o n  and s u l f u r  
peak h e i g h t s  were a l s o  cons idered .  

The d u r a t i o n  of s i g n a l  c o l l e c t i o n  v a r i e d  among p a r t i c l e s .  Observed mine ra l  
g r a i n s  always gave s t r o n g  s i g n a l s ,  and compos i t iona l  presence o r  absence 
a s  w e l l  a s  r e l a t i v e  peak s i z e  could be  qu i ck ly  determined;  0.8 minute was 
u s u a l l y  more t han  s u f f i c i e n t  t o  o b t a i n  a b s o l u t e  counts  i n  t h e  range  of 
10,000. The smal l  amounts of e lements  d e t e c t a b l e  i n  macera l s  by t h e  EDX 
system meant t h a t  t h e  s p e c t r a  of macera l s  had t o  be c o l l e c t e d  f o r  longer  
t imes.  Up t o  fou r  minutes  was needed t o  o b t a i n  a b s o l u t e  counts  i n  t h e  
range of 1 ,000 from most maceral  p a r t i c l e s ,  EDX s p e c t r a  f o r  macera l s  were 
taken  on ly  from homogeneous a r e a s  w i t h i n  t h e  analyzed p a r t i c l e s .  

The frequency of  each element d e t e c t e d  i n  each of t h e  group macera l s  was 
computed from t h e  raw d a t a ,  I n  a d d i t i o n ,  a scheme was used t o  de te rmine  
a peak i n t e n s i t y  ranking  v a l u e  of each element i n  t h e  spectrum taken  of 
an i d e n t i f i e d  maceral  p a r t i c l e  ( t h e  procedure i s  i l l u s t r a t e d  i n  f i g u r e  
V I I - 1 ) .  An average ranking  was determined f o r  each of t h e  maceral  
groups i n  each specimen by d i v i d i n g  t h e  sum of t h e  i n d i v i d u a l l y  determined- 
rank  va lues  by t h e  number of  s p e c t r a  w i t h i n  each group. An o v e r a l l  
e lementa l  rank ing  v a l u e  by maceral  group was s i m i l a r l y  determined from 
s p e c t r a  t aken  from a l l  of t h e  specimens s t ud i ed .  Note t h a t  from t h e  
procedures  f o r  determining t h e  ranking  v a l u e s  ( f i g .  VII-1) t h e  more 
i n t e n s e  peaks have a lower numerical  rank ing  va lue ;  l i k e w i s e ,  a l a r g e  
numerical  rank ing  v a l u e  i s  determined from low peak i n t e n s i t i e s .  

Assignment of peaks t o  e i t h e r  barium o r  t i t a n i u m  was d i f f i c u l t  u n l e s s  they  
were q u i t e  abundant,  because of peak over lap .  I n  our  s t u d i e s  i n s e p a r a b l e  

Peak 
Element Intensity* Rank 

Si 200 3.5 
S 1820 1 
Ti 320 2 
Fe 140 3.5 

X-ray energy (keV) 1 ISGS 1981 

FIGURE VII- 1. Procedure for assignment of ranking values: S, with highest peak intensity, is assigned a rank of 1; Ti, the second 
most intense peak, a rank of 2; Si and Fe, both with low peak intensity, are both assigned a rank of 3.5. 



barium/ t i t a n i u m  peaks were t r e a t e d  as one "element"; however, i d e n t i f i a b l e  
peaks of e i t h e r  element were s e p a r a t e l y  recorded,  

LTA-etched b lock  samples were e a s i e r  t o  s tudy  t han  were t h e  e tched  g ranu l a r  
p e l l e t s ,  because p a r t i c l e s  i n  t h e  s u r f a c e  of t h e s e  p e l l e t s  were t oo  smal l  
f o r  bedding and o t h e r  n a t u r a l  alignment f e a t u r e s  of t h e  c o a l  components t o  
be observed.  On g r a n u l a r  p e l l e t s ,  r e l o c a t i o n  of a r e a s  p r ev ious ly  ( o p t i c a l l y )  
mapped was ve ry  d i f f i c u l t .  It is  suggested t h a t  l a r g e r  g r a i n s  such a s  t h e  
20 mesh p a r t i c l e s  be used f o r  f u t u r e  work. 

Minerals  i d e n t i f i e d  by t h e  SEM-EDS method were i l l i t e  and k a o l i n i t e ,  
p y r i t e ,  c a l c i t e ,  q u a r t z ,  f e l d s p a r ,  and a p a t i t e ;  c l a y s  a r e  t h e  most common. 
I n  block specimens most of t h e  c l a y s  a r e  draped about o t h e r  mine ra l  and 
maceral  g r a i n s  o r  occur  between v i t r i n i t e  microlaminae ( p l .  VII-a 
and j ) .  Clay f l a k e s  tend t o  be o r i e n t e d  p a r a l l e l  t o  t h e  bedding of t h e  
c o a l  and s i m i l a r  microlaminar  p l anes  w i t h i n  macerals .  K a o l i n i t e  ( p l .  
VII-e) 1 is  d i s t i n g u i s h a b l e  by i t s  EDX s p e c t r a  of  about  equa l  i n t e n s i t i e s  
of A 1  and S i  peaks; i l l i t e  by i t s  A l  and S i  t o g e t h e r  w i t h  a  r e l a t i v e l y  
i n t e n s e  K peak. I d e n t i f i c a t i o n  of t h e  expandable mixed-layer c l a y  
mine ra l s  and of c h l o r i t e  by t h e  SEM-EDX method would r e q u i r e  a  cons ide rab l e  
r e s e a r c h  e f f o r t  beyond t h e  scope of t h i s  p r o j e c t ,  

P y r i t e  occu r s  i n  s e v e r a l  forms, a s  l a r g e ,  i r r e g u l a r  masses ( p l .  VII-a), 
framboids ( p l .  VII-b) and a s  s i n g l e  o c t a h e d r a l  g r a i n s .  S i n g l e  c a l c i t e  
c r y s t a l s  a l s o  occur  ( p l .  VII-c).  P y r i t e  ( i n  i t s  s e v e r a l  forms) ,  c a l c i t e ,  
o r  o c c a s i o n a l l y  k a o l i n i t e  and/or  i l l i t e  t ypes  of c l a y  mine ra l s  a r e  
d i s t r i b u t e d  a s  i s o l a t e d  g r a i n s  o r  a s  massive f i l l i n g  i n  c l e a t  f r a c t u r e s ,  
p l a n t  c e l l  lumens, and o t h e r  c r acks  and vo ids .  

Quartz g r a i n s  i n  t h e  c o a l s  s t ud i ed  a r e  s i l t - s i z e d  (4-20 um d i a . )  , s e m i -  
angu l a r  and oblong-rectangular  g r a i n s ,  w i t h  occas iona l  marg ina l  indenta -  
t i o n s  ( p l .  VII-d).. Our obse rva t i ons  i n d i c a t e  t h a t  t h e s e  g r a i n s  have n o t  
exper ienced marked f l u v i a l  rounding, bu t  most of t h e  g r a i n s  occur  i n  
aggregated p a r t i n g s  o r i e n t e d  more o r  l e s s  p a r a l l e l  t o  t h e  bedding which 
sugges t s  f l u v i a l  depos i t i on .  Finkelman and S tan ton  (1978) found on ly  
a u t h i g e n i c  q u a r t z  i n  samples of t h e  lower p a r t  of t h e  P i t t s b u r g h  No. 8  
seam, Washington County, Pennsylvania .  Quartz occurred t h e r e  a s  doubly 
te rmina ted  euhed ra l  c r y s t a l s ,  a s  i n t e rg rowths  w i t h  p y r i t e ,  and a s  f i l l i n g  
i n  s e m i f u s i n i t e  pores .  

Other s i l t - s i z e d  p a r t i c l e s  a r e  abundant (except  f o r  a p a t i t e ,  which occurs  
only r a r e l y )  a s  i s o l a t e d  g r a i n s  i n  our specimens from heavy f r a c t i o n s  of 
washed c o a l s .  A p a t i t e  i s  t h e  r a r e s t  minera l ,  i d e n t i f i e d  by i t s  
phosphorus con t en t .  P l a t e  VII-f shows one such occurrence,  an  e longa t e  
a p a t i t e  g r a i n ,  f r e e  of o rgan i c  m a t t e r ,  i n  a  P,60 g r a v i t y  s i n k  f r a c t i o n  
specimen. I n  c o n t r a s t ,  our  o t h e r  observed phosphorus occur rence ,  
i l l u s t r a t e d  i n  p l a t e  VII-g i s  t h a t  of abundant 1-2 prn g r a i n s  s c a t t e r e d  
i n  a  v i t r i n i t e  p a r t i c l e .  These g r a i n s  y i e l d  s p e c t r a  w i th  s t r o n g  phosphorus 
peaks and t r a c e s  of potassium and s u l f u r .  The l a t t e r  element is 



PLATE VIHI. SEM micrographs of polished and LTA-etched surfaccs of minerals and macerals in coals. The very dark gray matrix 
on granular specimens is epoxy. 

(a) Massive, porous, pyrite grain in granular specimen 818, with smaller particles of various composition; (b) framboids of pyrite (py) 
and flakes of clay inclusions in and associated with various macerals (block specimen 816); (c) cleavage rhomb of calcite in specimen 
818; (d) subhedral quartz grain (y) and enclosing clay matrix associated with v~trinite (dark area on right) in specimen 818; (e) large 
particlc of kaolinite in specimen 81 8 ;  (f) apatite (ap) with smaller particles of various composition in specimen 81 8. 



PLATE VII. (continued) 

(g) Appatite inclusions in vitirinitc in block specimen 816; the large square is an artifact of the §EM operation; (h) detail o f  typical 
etched surface of vitrinite showing its laminated structure in block specimen 814; (i) swirled microlamina in vitrinite with associated 
clay inclusions in block specimen 815; (i) vitrinite (vitf, in rounded particles with quartz (q) inclusion, enclosed by clay materials, 
in specimen 815; (k) vitrinite with collapsed cell lumens (lum, barely resolved) and abundant clay and pyrite (py) mineral inclusions, 
in specimen 815 ; (1) vitrinite with cell-like structures in block specimen 814. 



PLATE VHJI. (contiizued) 

( n ~ )  t'usinite showing cell lumens (lum) in specimen 818; (n) crushed fusinite in block specimen 817; (0) lnacrinite type of inertinite 
particle with inclusion of  quartz (q) set in a clay-quartz matrix, in specimen 815;  (p) mixed vitrinite and liptinite (perhaps micro- 
sporinite) particle in specimen 818;  (q)  part of a spurinite type of liptinite particle in granular specimen 819; (r) fluorinite (flu) type 
of liptinite interlayered with clay minerals and laminated vitrinite (?) in specimen 814. 



i n t e r p r e t e d  a s  p a r t  of t h e  v i t r i n i t e  ma t r i x .  Thus, each of t h e  mine ra l s  
i d e n t i f i e d  i n  t h i s  s tudy  may occur  a s  i n c l u s i o n s  w i t h i n  v a r i o u s  maceral  
p a r t i c l e s  ( p l  VII-k and o ) ,  

Vi t r in i t e .  V i t r i n i t e  most commonly shows a uniformly pocked o r  e tched 
s u r f a c e  produced du r ing  t h e  LTA e t ch ing  p roces s ,  The e x t e n t  and degree  
of pocking v a r i e s .  P l a t e  VII-h shows a  pocked a r e a  of  laminated v i t r i n i t e ,  
which, p r i o r  t o  LTA e t ch ing ,  appeared homogeneous a t  500X through an  o i l  
immersion l e n s .  V i t r i n i t e  l a y e r s  v a r y  i n  t h i cknes s  and o u t l i n e ,  sometimes 
s w i r l i n g  ( p l ,  V I I - i  ) , occasiona1I.y forming ovoid shaped p a r t i c l e s  ( p l .  
I -  ) This  l a t t e r  type  of v i t r i n i t e  i s  n o t  a s  pocked a s  o t h e r  v i t r i n i t e  
forms . 
Seve ra l  unusual  v i t r i n i t e  s t r u c t u r e s  were seen ,  P l a t e  VII-k shows 
co l l apsed  c e l l  s t r u c t u r e ,  w i t h  t h e  c e l l  lumina o u t l i n e s  l i g h t e r  i n  c o l o r  
than  t h e  c e l l  wa l l s .  Clay mine ra l s  a r e  a s s o c i a t e d  w i t h  t h e s e  s t r u c t u r e s  
a s  a r e  f ramboids  of p y r i t e .  P l a t e  V I I - 1  shows d i s t o r t e d  remnants of c e l l  
s t r u c t u r e ;  o p t i c a l l y ,  under o i l ,  t h i s  a r e a  showed mot t led  v i t r i n i t e .  A t  
magn i f i ca t i ons  h ighe r  t han  t h a t  shown, each " c e l l "  ha s  a pocked s u r f a c e .  

Iner t in i te .  I n  t h e  SEM, t h e  common macerals  of  t h e  i n e r t i n i t e  group, 
s e m i f u s i n i t e ,  f u s i n i t e ,  and m a c r i n i t e  a l l  have a  smoother t e x t u r e  and a  
d i s t i n c t  p o s i t i v e  r e l i e f  r e l a t i v e  t o  v i t r i n i t e ,  because of t h e  g r e a t e r  
hardness  of  i n e r t i n i t e s ,  no ted  p r ev ious ly  by S tan ton  and Finkelman (1979).  
Semi fus in i t e  and f u s i n i t e  were no t  always d i s t i n g u i s h a b l e  from one 
ano the r ,  b u t  bo th  a r e  d i s t i n g u i s h a b l e  by t h e i r  c h a r a c t e r i s t i c  shape and 
r e l i e f  from m a c r i n i t e  on t h e  LTA-etched specimens. F u s i n i t e ,  a s  i n  p l a t e  
V I I - m ,  always d i s p l a y s  some c e l l  s t r u c t u r e .  The open a r e a s  r e p r e s e n t i n g  
c e l l  lumina a r e  commonly f i l l e d  w i th  p y r i t e  o r  c a l c i t e .  P l a t e  VII-n 
shows masses of broken c e l l u l a r  m a t e r i a l  which form t h e  bu lk  of t h e  
observed f u s i n i t e  and /or  s e m i f u s i n i t e ,  I n  t h e  SEM t h e  LTA etched s u r f a c e s  
of m a c r i n i t e  p a r t i c l e s  range from smooth t o  s l i g h t l y  pocked ( p l .  VII-0). 
S l a shes  i n  t h e  s u r f a c e  a r e  f r e q u e n t ,  and i n c l u s i o n s  of qua r t z  ( p l .  VII-o) 
and k a o l i n i t e  occu r ,  

Lipt ini te .  L i p t i n i t e s  were r a r e l y  d i s t i n g u i s h a b l e  from one another  i n  our  
specimens and from v i t r i n i t e  on LTA-etched s u r f a c e s  i n  t h e  SEMl secondary 
e l e c t r o n  emission mode. The i r  t e x t u r e ,  s p e c t r a l  composi t ion,  o r  g ray  
t one  a r e  a l l  n e a r l y  i d e n t i c a l  i n  t h e  SEM t o  t h a t  of v i t r i n i t e .  Elongate  
p a r t i c l e s  w i t h  rounded ends and somewhat h ighe r  r e l i e f  d i s t i n g u i s h  c e r t a i n  
s p o r i n i t e  macera l s ,  Such h igh  l i p t i n i t e  r e l i e f  r e l a t i v e  t o  v i t r i n i t e  h a s  
been p rev ious ly  seen  by S t an ton  and Finkelman (1979). P l a t e  VII-p 
i nc ludes  v i t r i n i t e  and r e s i n i t e s ,  s w i r l e d  about  one another .  P l a t e  VII-o 
shows heavy e t c h i n g  on a  s p o r e  s u r f a c e .  P l a t e  V I I - r  shows f l u o r i n i t e  
occu r r i ng  i n  an  i r r e g u l a r  bedding s u r f a c e  i n  a block specimen; t h i s  i s  t h e  
on ly  occur rence  of  f l u o r i n i t e  t h a t  we observed.  This  one i s  c h a r a c t e r i z e d  
by having a  r e l a t i v e l y  h i g h  p o s i t i v e  r e l i e f ,  an i r r e g u l a r  and somewhat 
g lobu l a r  s t r u c t u r e ,  and a smooth t e x t u r e  on LTA-etched specimens. 



uency and rankin 

A t  t h e  s t a r t ,  we wish t o  r e s t a t e  t h a t  t h e  e lements  we observed by SEM-EDX 
and d i s cus sed  below were no ted  from a r e a s  w i th in  maceral  p a r t i c l e s  t h a t  
were f r e e  of observed i n c l u s i o n s  of minera l  g r a i n s .  We thus  p r o v i s i o n a l l y  
a t t r i b u t e  t h e  r e s u l t s  a s  i n d i c a t i v e  of t h e  o r g a n i c a l l y  a s s o c i a t e d  elements .  
However, we acknowledge t h a t  some of t h e  EDX s i g n a l s  observed may be  
der ived  from u l t r a - s m a l l  m ine ra l  i n c l u s i o n s ,  too  smal l  t o  be reso lved  a t  
5,000X ( l e s s  than  c a .  0.05 ym). The f i n d i n g s  of Strehlow e t  a l .  (1978) 
and of H a r r i s  and Yust (1979) do confirm t h a t  m ine ra l  g r a i n s  a s  smal l  a s  
0.004 um might be p r e s e n t  a s  mine ra l  g r a i n s  undetected by ou r  methods. 
I n  p a r t i c u l a r ,  i n  t he  s i z e  range  0.004 vm-0.100 Um (1) Strehlow e t  a l .  
(1978) found p r i n c i p a l l y  i l l i t e ,  k a o l i n i t e ,  qua r t z ,  and calcium carbona te ,  
bu t  l i t t l e  p y r i t e ;  (2) H a r r i s  and Yust i n  a  l i m i t e d  number of samples found 
t h e  presence of elements of atomic number, 11 (Na) o r  g r e a t e r ,  except f o r  
s u l f u r ,  always c o r r e l a t e d  w i t h  presence  of u l t r a f i n e  minera l  g r a i n s .  Thus, 
i t  i s  p o s s i b l e  t h a t  some of our  r e s u l t s  could be  der ived  from minute mine ra l  
i n c l u s i o n s  on and j u s t  under t h e  s u r f a c e ,  which con t r i bu t ed  t o  t h e  x-ray 
s i g n a l  (Golds te in  and Yakowitz, 1975). However, our  SEM-EDX system a s  
opera ted  gene ra t e s  x-rays from w i t h i n  t h e  macera l s ,  and a s  t h e  maceral  
p a r t i c l e s  a r e  always much l a r g e r ,  t h e s e  i n c l u s i o n s  should be of secondary 
importance.  

Heterogeneity among specimens. Heterogene i ty  c h a r a c t e r i z e s  t h e  e l emen ta l  
composition of t h e  macera l s  analyzed i n  bo th  t h e  g r anu l a r  specimens (h igh  
d e n s i t y  samples) and t h e  block specimens of i n - s i t u  c o a l  l a y e r s .  The 
v a r i a b i l i t y  sugges t s  major d i f f e r e n c e s  i n  microenvironmental  c h e m i s t r i e s  
of t h e  c o a l  fo rmat ion  cond i t i ons .  

Chlor ine  i n  v i t r i n i t e  v a r i e s  cons ide rab ly  a s  i n d i c a t e d  below. 

Chlor ine  EDX s i g n a l  from v i t r i n i t e s  

T o t a l  # 
Specimen Spec t r a  Frequency Average peak i n t e n s i t y  

814 11 I n  more than h a l f  t h e  s p e c t r a  4 t h  l a r g e s t  peak 
815 5  I n  fewer than  h a l f  t h e  s p e c t r a  Very sma l l  peak (7 th )  
816 6  Not d e t e c t e d  Not d e t e c t e d  
817 9  I n  fewer than  h a l f  t h e  s p e c t r a  2nd l a r g e s t  peak 
818 15 Not de t ec t ed  Not de t ec t ed  
819 3 I n  a l l  s p e c t r a  2nd l a r g e s t  peak (S a l s o )  

I r o n  i s  a  smal l  but  p e r s i s t e n t  peak i n  v i t r i n i t e  s p e c t r a  on specimens 816 
through 819, but  i s  absen t  from 814 and 815. 

No major d i f f e r e n c e s  were observed i n  e lementa l  composi t ions  between t h e  
i n e r t i n i t e s ;  s e m i f u s i n i t e  and f u s i n i t e  could n o t  be r o u t i n e l y  d i s t i n g u i s h e d  
from each o t h e r .  Never the less ,  composi t ional  v a r i a t i o n  of i n e r t i n i t e s  i n  
d i f f e r e n t  specimens i s  deemed impor tan t :  s i l i c a  i s  more abundant r e l a t i v e  
t o  s u l f u r  i n  t h e  i n e r t i n i t e s  of two of t h e  t h r e e  b lock  specimens (815 and 
8 l 6 ) ,  than  i n  a l l  t h e  o t h e r s .  
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FIGURE VII-2. Frequency of elements detected in maceral groups (all specimens). 
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FIGURE VII-3. Ranking values of elements detected in maceral groups (all specimens). 



L i p t i n i t e s  were i d e n t i f i e d  i n  on ly  t h r e e  specimens, 814, 818, and 819. 
Of t h e  more important  elements i n  t h e  l i p t i n i t e s ,  i r o n  appears  t o  b e  less 
uniformly d i s t r i b u t e d  t han  s i l i c o n  and s u l f u r  bu t  more s o  t han  t h e  o t h e r  
e lements  i n  t h e  specimens. 

Frequency and ranking o f  elements by maceral group. The SEM-EDX s p e c t r a  
from a l l  t h e  specimens were eva lua t ed  and t h e  f requency of  t h e  e lementa l  
peaks was determined f o r  t h e  t h r e e  maceral  groups,  These r e s u l t s  a r e  
shown i n  f i g u r e  VII-2. Magnesium was d e t e c t e d  i n  on ly  about  2 pe r cen t  of 
t h e  v i t r i n i t e  and t h e  i n e r t i n i t e  p a r t i c l e s  t e s t e d ,  and i t  was n o t  d e t e c t e d  
i n  any l i p t i n i t e s ;  fu r thermore ,  l e ad ,  barium, manganese and copper were 
observed i n  on ly  c e r t a i n  macera l s .  I n  c o n t r a s t ,  aluminum, s i l i c o n ,  
s u l f u r ,  and i r o n  were observed i n  more than  ha l f  of  a l l  t h e  s p e c t r a  i n  a l l  
t h r e e  macera l  groups.  Calcium was v e r y  f r e q u e n t l y  observed i n  bo th  
v i t r i n i t e s  and i n e r t i n i t e s  b u t  l e s s  s o  i n  t h e  l i p t i n i t e s  s t u d i e d ,  Chromium 
appears  unique i n  t h a t  i t  i s  enr iched  i n  i n e r t i n i t e  p a r t i c l e s ;  t h e  d a t a  
sugges t  t h a t  potassium, calcium, and i r o n  a r e  a l s o  enr iched  i n  i n e r t i n i t e s ,  
bu t  t o  l e s s e r  degrees .  

The r e l a t i v e  abundance of  t h e  elements i s  i n d i c a t e d  by t h e  ranking  v a l u e s  
( f i g .  V I I - 1 ) .  The ranking va lues  of e lements  i n  t h e  t h r e e  macera l  groups 
a r e  shown i n  f i g u r e  V I I - 3 .  Here aga in ,  s i l i c o n  and s u l f u r  head t h e  l i s t  
wi th  t h e  lower ranking  v a l u e s  ( t h e  l a r g e s t  average peak h e i g h t s ) ;  aluminum, 
c h l o r i n e ,  calcium, t i t a n i u m  and i r o n  are a l s o  ve ry  impor tan t  peaks on t h e  
s p e c t r a .  Of s p e c i a l  i n t e r e s t  i s  t h e  r e l a t i v e  d i f f e r e n c e  i n  ranking of 
magnesium: low abundance i n  v i t r i n i t e  and h igh  abundance i n  i n e r t  i n i t e s .  
Manganese, observed on ly  i n  v i t r i n i t e s ,  averaged a  lowly 5 t h  i n  ranking  of 
peak i n t e n s i t y  on t h e  s p e c t r a .  Barium occur rences  were q u i t e  s i m i l a r  i n  
f requency and r ank ing  t o  t h a t  of manganese. 

Comparison of t h e  f requency and ranking  va lues  of t h e  e lements  between 
t h e  b lock  specimens and t h e  h igh-grav i ty  specimens r evea l ed  much t h e  same 
r e s u l t s  f o r  a l l  of t h e  e lements  except  t h e  fo l lowing:  aluminum was enr iched  
i n  t h e  maceral  components of t h e  b locks  r e l a t i v e  t o  t h e  macera l s  i n  t h e  
h igh  g r a v i t y  specimens, barium (no t  i nc lud ing  Ba/Ti peaks)  was d e t e c t e d  
on ly  i n  t h e  b locks ,  and t i t a n i u m  and i r o n  were d i s t i n c t l y  more abundant i n  
t h e  h igh-grav i ty  f r a c t i o n s ,  

These r e s u l t s  can  be  compared w i t h  t h o s e  of Raymond (1979), who used a n  
e l e c t r o n  microprobe t o  make q u a n t i t a t i v e  ana ly se s  of  s e v e r a l  e lements  i n  
i d e n t i f i e d  macera l s  p a r t i c l e s .  H i s  specimens r ep re sen t ed  18 d i f f e r e n t  
l o c a t i o n s  of c o a l  i n  t h e  United S t a t e s ,  rang ing  i n  r ank  from low-vo la t i l e  
bituminous t o  subbituminous C ,  and i n  age from Pennsylvanian t o  Paleocene.  
Raymond sepa ra t ed  specimens i n t o  fou r  l e v e l s  of i n c r e a s i n g  weight  percen t  
of element i n  t h e  c o a l  (0.02, 0.05, 0.10, and 1 . 0  w t  %). The q u a l i t a t i v e  
n a t u r e  of ou r  d a t a  and t h e  f a c t  t h a t  i t  was n o t  p o s s i b l e  t o  conver t  them 
a c c u r a t e l y  t o  a  weight  pe r cen t  b a s i s ,  enab le  comparisons t o  be made on ly  
i n  a  l i m i t e d  way. Furthermore,  Raymond's s tudy  inc luded  more maceral  
t ypes  than  our  s tudy.  H i s  v i t r i n i t e  and p s e u d o v i t r i n i t e  a r e  equated w i th  
our  v i t r i n i t e ,  h i s  f u s i n i t e  and s e m i f u s i n i t e  w i t h  our  i n e r t i n i t e ,  and h i s  
s p o r i n i t e  and r e s i n i t e  w i th  our  l i p t i n i t e .  Raymond's m a c r i n i t e  and 



m i c r i n i t e  have no c o u n t e r p a r t s  i n  t h e  c u r r e n t  s t udy  and a r e  excluded from 
t h e  comparison of  t h e  two s t u d i e s '  r e s u l t s .  The comparisons a r e  summarized 
a s  fo l lows:  

Raymond (1979) 

Element % of  element 

This  s tudy  

Peak i n t e n s i t y  
Frequency ( I n v e r s e  of rank  va lue )  

* i n d i c a t e s  poor p a t t e r n  match. 

About h a l f  of t h e  t r e n d s  we observed were a l s o  apparen t  i n  Raymond's d a t a .  
For aluminum, however, t h e  t r end  changes s u b s t a n t i a l l y  w i th  ~aymond ' s  
weight pe r cen t  concen t r a t i on .  A t  0 . 1  and 1.0 pe rcen t ,  h i s  d a t a  i n d i c a t e  
A l  has  I -  L -> V ( t h i s  i s  t h e  sequence l i s t e d  above);  b u t  a t  0.05 pe rcen t ,  
h i s  d a t a  i n d i c a t e  Al h a s  V 2 I z L ,  which i s  t h e  same p a t t e r n  our  work 
shows. 

The EDS s p e c t r a  were eva lua t ed  f o r  t h e  Fe/§ r a t i o s  ob ta ined  from macera l s  
and from i d e n t i f i e d  g r a i n s  of p y r i t e .  The r e s u l t s  a r e  shown as smoothed 
his tograms i n  f i g u r e  VII-4, where t h e  r a t i o s  are m u l t i p l i e d  by 100. The 
r e s u l t s  from t h e  t h r e e  maceral  groups ove r l ap  cons iderab ly ;  however, 
v i t r i n i t e  and l i p t i n i t e  tend t o  have lower ra t ios -h igher  r e l a t i v e  amounts 
of su l fur - than  do t h e  i n e r t i n i t e s .  Furthermore,  some of t h e  d a t a  from 
i n e r t i n i t e  p a r t i c l e s  ove r l ap  t h a t  of a  few g r a i n s  thought  t o  have been 
p y r i t e .  Th i s  sugges t s  t h a t  t i n y  g r a i n s  of p y r i t e  were a s s o c i a t e d  w i th  
t h e s e  i n e r t i n i t e  p a r t i c l e s ,  bu t  t hey  were not,  observed i n  our  s t u d i e s .  
A ve ry  h igh  percen tage  of t h e  p y r i t e  g r a i n s  gave Fe/S (100) v a l u e s  of 38. 
Given a  s t och iome t r i c  composition f o r  t h e s e  p y r i t e s  (FeS2),  t h e  f a c t o r  
50/38 could be used t o  a d j u s t  observed r a t i o s  of  p y r i t e s  i n  subsequent 
s t u d i e s  t o  o b t a i n  q u a n t i t a t i v e  ana lyses .  

An a n a l y s i s  of t h e  SEM-EDX d a t a  f o r  s u l f u r  was based on t h e  EDX peak 
i n t e n s i t y  i n  t h e  s p e c t r a ,  co r r ec t ed  only f o r  background and normalized t o  
counts  p e r  minute.  The r e s u l t s  of  t h e  a n a l y s i s  i n  t e r m s  of t h e  t h r e e  
maceral  groups i n  t h e  specimens are shown i n  t a b l e  V I I - 2 .  The l i p t i n i t e s  
showed a wide spread of s u l f u r  d a t a ,  b u t  on t h e  t h r e e  specimens i d e n t i f i e d ,  
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FIGURE VII-4. Observed intensity ratio (FeIS) in macerals and in pyrite grains. Curves shown are smoothed-frequency histo- 
grams (class interval 2%) with zero frequency points deleted. 

they  contained h ighe r  amounts of s u l f u r  ( i n  t h i s  c a s e  apparen t  o rgan i c  
s u l f u r )  than  d i d  t h e  a s s o c i a t e d  v i t r i n i t e s .  The i n e r t i n i t e  macera l s  appear  
t o  have g e n e r a l l y  t h e  l e a s t  amount of apparen t  o rgan i c  s u l f u r .  This  is  t h e  
same t r e n d  found by H a r r i s ,  Yust,  and Crouse (1977) and Raymond and Gooley 
(1979), i n  t h e i r  surveys ,  bu t  Minkin e t  a l .  (1979) found t h a t  t h e  amount of  
s u l f u r  i n  l i p t i n i t e  was more s i m i l a r  t o  t h a t  i n  v i t r i n i t e ;  i n  t h e i r  
specimens, i n e r t i n i t e  o rgan i c  s u l f u r  was about h a l f  t h a t  found i n  v i t r i n i t e .  



TABLE VII-2. Apparent organic sulfur (sulfur not associated with pyrite) in macerals. 

Apparent o r g a n i c  s u l f u r  i n  counts  p e r  minute 

mean (number of p a r t i c l e s  t e s t e d )  and s tandard  d e v i a t i o n  

Specimen L i p t  i n i t e  V i t r i n i t e  I n e r t  i n i t e  

The q u a l i t a t i v e  and s e m i q u a n t i t a t i v e  e lementa l  d a t a  on macerals  given i n  
t h i s  s e c t i o n  can b e  summarily s t a t e d  a s  l i s t e d  i n  t a b l e  V I I - 3 ,  For t h i s  
t a b l e  we have grouped ou r  observed frequency of occur rence  and ranking  
va lues  i n t o  d e s c r i p t i v e  groups a s  fol lows:  

Ranking v a l u e  ( i n v e r s e  of 
Frequency of d e t e c t i o n  r e l a t i v e  peak i n t e n s i t y )  

Rare 1- 24% 
Common 27- 61% 
P e r s i s t e n t  69-100% 

Trace 8.0-5.2 
Minor 4.6-3.0 
Major ' 2.7-1.1 

The gaps between t h e s e  ranges  were breaks  i n  t h e  observed d i s t r i b u t i o n .  

I n  our  s t udy ,  t h e  h igh  frequency of occurrence of c e r t a i n  elements 
d e t e c t e d  by SEM-EDX methods w i t h i n  maceral  p a r t i c l e s  t h a t  appear  f r e e  of  
m ine ra l s  i s  s i g n i f i c a n t .  S i l i c o n ,  f o r  i n s t a n c e ,  occurred i n  more t han  
90 pe rcen t  of  a11  macerals  t e s t e d ,  aluminum i n  more than  50 pe rcen t ,  
calc ium i n  45 t o  90 percen t  (depending on t h e  macera l ) ,  i r o n  i n  more 
than  60 p e r c e n t ,  c h l o r i n e  i n  30 pe rcen t ,  potass ium i n  25 pe rcen t ,  and 
t i t a n i u m  i n  5 t o  40 pe rcen t  (depending on t h e  maceral  group) .  Addition- 
a l l y ,  i f  w e  cons ide r  t h e  same elements  d e t e c t e d  by our  SEM-EDX system and 
look a t  t h e i r  average  weight pe r cen t  ( o r  ppm va lues )  remaining a f t e r  a c i d  
l e ach ing  of raw Her r in  Coal (Kuhn e t  a l . ,  1980), we can d i v i d e  t h e s e  
remnant va lues  by t h e i r  a p p r o p r i a t e  atomic numbers and rank  t h e  d iv idends .  
This  produces a rank ing  of importance by number of  o r g a n i c a l l y  a s soc i a t ed  
atoms. The ranking  so  produced is very  s i m i l a r  t o  t h a t  genera ted  by ou r  
d a t a  when s p e c t r a  of a l l  t h r e e  maceral  groups a r e  combined t o  make a 
grand t o t a l  e lementa l  importance ranking.  

It is  w e l l  known t h a t  about  h a l f  t h e  s u l f u r  i n  I l l i n o i s  c o a l s  i s  o rgan i c  
s u l f u r ,  i n  t h a t  t h i s  type  i s  bound i n  some way t o  t h e  carbon of the 
macerals .  However, u n c e r t a i n t y  remains a s  t o  whether o r  no t  t h e  o t h e r  
e lements  f r e q u e n t l y  d e t e c t e d  a r e  so bound, The SEM d a t a  of Strehlow e t  
a l e  (1978) and of H a r r i s  and Yust (1979) sugges t  t h a t  t h e  presence of a l l  



elements  g r e a t e r  t han  11 i n  atomic weight (Na and h i g h e r ) ,  excep t  f o r  
s u l f u r ,  can be  accounted f o r  by presence of u l t r a f i n e  mine ra l  g r a i n s .  
Data from Kuhn e t  a l .  (1980) s i m i l a r l y  suppor t  m ine ra l  a s s o c i a t i o n ,  a s  
shown by removabi l i ty  w i t h  a c i d  l e ach ing ,  of t h e  bu lk  of e lements  i n  r a w  
coa l .  

Kuhn e t  a 1  . (1980) d i d  s t a t e ,  however, t h a t  "minerals  and exchangeable 
i ons ,  o r  perhaps,  che l a t ed  e lements  on t h e  s u r f a c e s  of t h e  c o a l  p a r t i c l e s  
a r e  t h e  m a t e r i a l s  thought  t o  be removed by a c i d  l e ach ing , "  and t h a t  o t h e r  
m a t e r i a l  i s  i n  t h e  c o a l  ma t r i x .  Although ou r  d a t a  a r e  n o t  q u a n t i t a t i v e  
and a l though  t h e r e  may have been some u l t r a  small-and t h e r e f o r e  unobserved- 
mine ra l  i n c l u s i o n s  i n  some of t h e  macerals  t e s t e d ,  our  d a t a  suppor t  t h e  
p r o p o s i t i o n  t h a t  s i g n i f i c a n t  amounts of S i ,  A l ,  Ca, Fe, C 1 ,  and T i ,  i n  
a d d i t i o n  t o  t h e  w e l l  known component of s u l f u r  (o rgan ic  S ) ,  do occur  
d i spe r sed  w i t h i n  maceral  p a r t i c l e s  of t h e  He r r in  Coal and should b e  
cons idered  a s  o r g a n i c a l l y  a s soc i a t ed .  

TABLE VII-3. Summary: elemental frequency and relative abundance in coal macerals.* 

Element Frequency of occurrence Re la t ive  abundance 

Rare i n  v + i (not  noted i n  1 )  

P e r s i s t e n t  i n  v ,  common i n  o t h e r s  

P e r s i s t e n t  i n  a l l  macerals  

P e r s i s t e n t  i n  a l l  macerals  

Common i n  a l l  macerals 

Rare i n  v ,  common i n  o the r s  

P e r s i s t e n t  i n  i, common i n  o t h e r s  

Common i n  1, r a r e  i n  o t h e r s  

Common i n  i, r a r e  i n  o t h e r s  

Rare i n  v (not  noted i n  o the r s )  

Common i n  v, p e r s i s t e n t  i n  o the r s  

Rare i n  i + 1 (not noted i n  v )  

Rare i n  i (not  noted i n  o the r s )  

Minor amounts i n  v f i (not  noted i n  1) 

Minor amounts i n  a l l  macerals  

Major amounts i n  a l l  macerals  

Major amounts i n  a l l  macerals  

Trace amounts i n  i, minor i n  o t h e r s  

Minor amounts i n  1,  t r a c e  i n  o t h e r s  

Trace amounts i n  1 ,  minor i n  o t h e r s  

Trace amounts i n  i, minor i n  o t h e r s  

Trace amounts i n  a l l  macerals  

Trace amounts i n  v (not  noted i n  o the r s )  

Minor amounts i n  a l l  macerals  

Trace amounts i n  i + 1 (not  noted i n  v) 

Trace amounts i n  i (not  noted i n  o the r s )  

*Abbreviations: v = v i t r i n i t e ;  i = i n e r t i n i t e ,  1 - l i p t i n i t e .  





More s tudy  w i l l  be  r equ i r ed  t o  e v a l u a t e  a l l  a s p e c t s  of t h e  s i g n i f i c a n c e  of  
t h e  l a r g e  amount of d a t a  genera ted  du r ing  t h e  course  of t h i s  2-year 
p r o j e c t .  The environmental  importance of t h e  a n a l y t i c a l  d a t a  i s  d i scussed  
i n  t h i s  s e c t i o n .  The d a t a  base  assembled c o n s i s t s  of 67 chemical  e lements  
and compounds and 8 minera l  components analyzed i n  230 samples (164 
samples r e p r e s e n t i n g  t h e  He r r in  Coal a t  88 l o c a t i o n s  and 66 samples 
r e p r e s e n t i n g  t h e  S p r i n g f i e l d  Coal a t  56 l o c a t i o n s .  

The e lementa l  composi t ions  of l a y e r s  (benches) w i t h i n  t h e  He r r in  seam 
d i f f e r e d  cons ide rab ly  from t o p  t o  bottom a s  shown by t h e  d a t a  r epo r t ed  i n  
Sec t i on  VI, These v a r i a t i o n s  a r e  based on d a t a  from 23 bench samples 
ob t a ined  from 4 l o c a t i o n s  w i t h i n  a  s i n g l e  mine. The v a r i a t i o n s ,  r ep re sen t ed  
by t h e  r a t i o  of  t h e  maximum/minimum compos i t iona l  v a l u e s  exc lu s ive  of  t h e  
s h a l e  p a r t i n g s ,  d i f f e r  from element t o  element.  Of t hose  e lements  of 
p o t e n t i a l  environmental  concern,  barium v a r i e d  most-up t o  34 t i m e s  i t s  
minimum va lue .  Other e lements  fo l l ow  i n  dec rea s ing  o rde r  of maximum/ 
minimum ( r a t i o )  : a r s e n i c  ( l 7 ) ,  z i n c  (17) , t h a l l i u m  ( l 6 ) ,  l i t h i u m  ( l 5 ) ,  
an t ixony  ( l o ) ,  thor ium ( l o ) ,  and l e a d  (10) .  A l l  o t h e r  e lements  of 
environmental  concern have sma l l e r  composi t ional  v a r i a t i o n s .  However, 
n e a r l y  a l l  samples  i n  t h e  bench s tudy  s e t s  were too  low i n  uranium and 
cadmium ( < I  and <1.3 ppm, r e s p e c t f v e l y ,  i n  t h e  c o a l  benches) t o  de te rmine  
t h e i r  v a r i a t i o n s .  Never the less ,  it i s  important  t o  n o t e  t h a t  wh i l e  t h e  
e l emen ta l  a s  w e l l  a s  t h e  mine ra log i ca l  v a r i a t i o n s  between l a y e r s  of t h e  
H e r r i n  a t  one s i t e  tend t o  be much g r e a t e r  than  t h e  v a r i a t i o n s  of whole 
seams samples from wide ly  spaced l o c a t i o n s ,  t h e  v a r i a t i o n s  between l a y e r s  
a r e  wi thout  eng inee r ing  s i g n i f i c a n c e  because mining o p e r a t i o n s  i n v a r i a b l y  
t ake  t h e  whole seam. 

Elemental  composi t ion of whole seams i s  measured by t h e  mean of a n a l y t i c a l  
r e s u l t s  on i n d i v i d u a l  whole-coal (channel  equ iva l en t )  samples t h a t  
r ep re sen t  t h e  e n t i r e  t h i c k n e s s  of t h e  seam a t  each c o l l e c t i o n  s i t e .  The 
average  e lementa l  composi t ions  of t h e  He r r in  and S p r i n g f i e l d  seams a r e  
l i s t e d  s e p a r a t e l y  i n  t a b l e  V I I I - 1 ,  i n  dec rea s ing  o rde r  of abundance. 
These r e s u l t s  i n d i c a t e  t h a t  t h e  two seams a r e  s i m i l a r  i n  composi t ion,  
bu t  t h a t  t h e  concen t r a t i on  of some elements  d i f f e r s  s i g n i f i c a n t l y  i n  
some a r e a s  w i t h i n  t h e  c o a l  f i e l d  ( s e e  s e c t i o n s  V and V I  f o r  d e t a i l s ) .  
The t a b u l a t e d  averages  show t h a t  s u l f u r  (S)  con t en t  i s  on ly  s l i g h t l y  
h ighe r  i n  t h e  S p r i n g f i e l d  than  i n  t h e  Heruin,  O f  t h e  e lements  of g r e a t e s t  
environmental  concern o t h e r  t han  s u l f u r ,  boron (B)  i s  nex t  h i g h e s t  i n  
abundance, fol lowed by l e a d  (Pb) ,  a r s e n i c  (As) o r  molybdenum (Mo), e t c .  
However, s e v e r a l  of t h e s e  e lements  show wide d e p a r t u r e s  i n  i n d i v i d u a l  
samples from t h e s e  mean v a l u e s .  The i n d i c a t e d  d i f f e r e n c e s  i n  t h e  average  
f o r  z i n c  (Zn),  barium (Ba),  and phosphorus ( P ) ,  a r e  n o t  s i g n i f i c a n t ,  



cons ider ing  t h e  l a r g e  d i f f e r e n c e s  i n  a s says  observed f o r  each of t h e s e  
elements  . 
The v a r i a t i o n  among whole-coal samples i s  ind i ca t ed  by t h e  s tandard  
d e v i a t i o n  (SD) of t h e  e lementa l  a s says  ( t a b l e s  VI-6  and VI-7), and a l s o  by 
t h e  r a t i o  of SD t o  t h e  mean ( 2 )  a s  l i s t e d  f o r  t h e  two seams i n  t a b l e  
VI I I -2 .  The element t h a t  has  t h e  h i g h e s t  v a r i a b i l i t y  r e l a t i v e  t o  i t s  mean 
va lue  i s  cadmium (Cd). The s t anda rd  d e v i a t i o n  of t h e  cadmium assays  i n  t h e  

TABLE VIII- 1. Average concentrations of elements in the Herrin and Springfield Coals. 

Minor Trace 
Elements Elements 
Average Average 

Springfield (%> Herrin Springfield (ppm) Herrln 

0.16 

0.08 Na 

0.07 Ti 

Na, Ti 0.06 

0.05 Mg 

Mg 0.04 

*Elements o f  greatest environ- 
mental concern. 



Spr ing f i e ld  Coal is  4.5 t imes t h e i r  mean value  of 2 . 1  ppm. Other metals  
of concern t h a t  have high v a r i a b i l i t y  a r e  a r s e n i c  (As), z inc  (Zn), barium 
(Ba), and l ead  (Pb). Those elements wi th  s i g n i f i c a n t l y  l e s s  v a r i a t i o n  a r e  
uranium ( U ) ,  mercury (Hg), molybdenum (Mo), and selenium (Se).  The h igh  
v a r i a b i l i t y  of t hese  meta ls  is  shown t o  be r e l a t e d  t o  l o c a l  a r eas  where 
s u l f i d e  mine ra l i za t ion  has been observed (Sec t ion  TI). 

Comparisons of t h e  average amount of t h e  elements of environmental concern 
i n  a l l  whole-coal samples t e s t e d  (Spr ingf ie ld  and Herr in)  wi th  those  of 
o t h e r  coa l s  i n  t h e  United S t a t e s  can be seen from t h e  d a t a  compiled i n  
t a b l e  VIII-3. Lead (Pb) and boron (B) appear t o  be s l i g h t l y  higher  i n  t h e  
Herr in  and Spr ing f i e ld  Coals than  i n  t h e  c o a l s  of o t h e r  reg ions .  Mercury 
(Hg) and antimony (Sb) a r e  about t he  same i n  a l l  t h e  c o a l s .  Arsenic (As), 
bery l l ium (Be), and copper (Cu) tend t o  be s l i g h t l y  lower i n  t h e  Herr in  

TABLE VIII- 2. Relative variation of elemental compositions of the Springfield and Herrin Coals, 
expressed as the ratio of the standard deviation to the mean. 

SD/Z 
Herrin (rounded) Springfield 

Pb 

B a 

In 

Sb, Sr 

Cl,Na,Tl 

Ge ,U 

W 

Pb , T1 
As,Cl,Na 

I 

Sm, Sr 

Cu, Zr 

Lu 

Dy,Li,Mg,Ta,Tb,V 

Br,Ca,Mn,U 

Ag,Ce,Eu,Hg,Yb 

La,Sb,Se,Th 

Ge ,Mo , Sc 
Co,K,Rb 

Cs,Fe,Ga,Ni 

Cr ,F 

Al,a,Hf ,S,Ti 

Si 



TABLE VIII-3. Average amounts of elements of environmental concern in Herrin and Springfield 
Coals as compared with amounts in other U.S. coals. 

- 

Applachian Nor the rn  Kocky 
H e r r i n  & U.S. r e g i o n  G r e a t  P l a i n s  Mountain 

U n i t s  S p r n g f l d  b i tuminous  c o a l s  c o a l s  c o a l s  

and S p r i n g f i e l d  than  i n  o t h e r  U.S.  b i tuminous c o a l s ;  t h e s e  t h r e e  e lements  
tend t o  be  t h e  l e a s t  abundant i n  t h e  c o a l s  o f  t h e  no r the rn  Great P l a i n s  
and Rocky Mountain reg ions .  

For many y e a r s ,  a  h igh  p ropo r t i on  of r a w  c o a l s  produced from mines i n  t h e  
I l l i n o i s  Basin has  been cleaned t o  some degree  by phys i ca l  methods. The 
a c t u a l  deg ree  of removal of t h e  dense  mine ra l  i m p u r i t i e s  and a s s o c i a t e d  
t r a c e  e lements  is  n o t  known. However, t h e  fou r  w a s h a b i l i t y  sample sets 
from t h e  two seams s t u d i e d  h e r e  p rov ide  a  way t o  e s t i m a t e  t h e  amount of 
me ta l s  t h a t  w i l l  remain i n  c leaned c o a l  p roduc ts .  Extens ive  s t u d i e s  of 
t h e  s u l f u r  removal i n  w a s h a b i l i t y  t e s t s  of I l l i n o i s  c o a l s  ( H e l f i n s t i n e  
e t  a l . ,  1971, 1974) showed t h a t  an optimum removal of s u l f u r  was 
achieved f o r  most samples t e s t e d  when t h e  c leaned  product  had a  composi t ion 
r ep re sen t ed  a t  t h e  80 percen t  recovery on t h e  w a s h a b i l i t y  curves .  Theweight  
recovery of c leaned  (washed) c o a l  from e x i s t i n g  p r e p a r a t i o n  p l a n t s  i s  
known t o  vary ;  however, t h e  f r a c t i o n  marketed t o  t h a t  mined i s  r e p o r t e d  
g e n e r a l l y  t o  v a r y  from 7 0  t o  85 pe rcen t .  By u se  of t h e  recovery level. of  



8Q pe rcen t  f o r  t h e  f o u r  washab i l i t y  s e t s  t e s t e d  f o r  t h e i r  t r a c e  e lements  
( s e e  t a b l e  V I - 4 ) ,  t h e  average  r educ t i ons  of e lements  from t h e  100 pe rcen t  
t o  80 pe rcen t  recovery  l e v e l s  were determined f o r  t h e  e lements  of 
i n t e r e s t .  These r e s u l t s  a r e  l i s t e d  i n  t a b l e  VIII-4. The c a l c u l a t e d  
r educ t i on  of 27 pe r cen t  f o r  S using t h i s  procedure i s  c o n s i s t e n t  w i t h  t h e  
25 pe rcen t  r e d u c t i o n  t h a t  H e l f i n s t i n e  e t  al. (1974) found t y p i c a l  f o r  t h e  
65 samples t hey  t e s t e d .  

TABLE VIII-4. Estimated average concentration of elements of environmental concern in washed coals. 
-- 

Average i n  *Average Estimated 
Whole-coal r educ t i on  i n  average i n  

( P P ~  washed c o a l s  (%) washed c o a l s  (ppm) 

INORGANIC ASSOCIATED ELEMENTS 

*A s 11. 6 0 

Ba 140. 41 

9:cd 1.5 ? 
L i  16. 4 4 

Icfn 55. 62 

*Mo 9.2 44 

*Pb 28. 4 0 

T 1 1.0 5 5 

Zn 250. 7 5 

MIXED ASSOCIATED ELEMENTS 

ORGANIC ASSOCIATED ELEMENTS 

$ B  118.0 3.9 

B e  1.5 6.5 

B r 12.0 0 

Ge 5.5 0 

N i  18. 4.5 

Sb 1 .0  6.0 

U 1.4 0 

V 31.6 8.6 

+Calculated a t  t h e  80% recovery of c o a l  from 
washab i l i t y  r e s u l t s ,  t a b l e  6.11. 

*Metals of g r e a t e s t  environmental concern. 
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FIGURE VIII- 1. Distribution of sulfur in the Herrin Coal expressed in pounds SO2 per million Btu adjusted to  a washed (estimated, 
laboratory) coal basis. 



The mean abundance of t h e  e lements  whose occur rence  i n  c o a l s  i s  a s s o c i a t e d  
w i t h  t h e  i no rgan i c  (mineral)  c o n s t i t u e n t s  i s  reduced 40 percen t  o r  more 
of t h e i r  mean abundance i n  t h e  washed ( f l o a t - s i n k )  sample s e t s  ( t a b l e  VIII-4).  
The o r g a n i c a l l y  a s s o c i a t e d  elements  have r educ t i ons  l e s s  t h a n  8.6 pe rcen t .  

The middle  group of mixed a s s o c i a t i o n  have r educ t i ons  between 15 and 30 
pe rcen t .  By mu l t i p ly ing  t h e s e  r e d u c t i o n s  by t h e  average concen t r a t i on  of 
t h e  v a r i o u s  e lements  i n  t h e  I l l i n o i s  c o a l s  a n  e s t i m a t e  i s  ob t a ined  f o r  t h e  
average  metal con t en t  i n  washed c o a l s  ( t a b l e  VIII-4) .  N a t u r a l l y ,  
d e p a r t u r e s  from t h e s e  e s t ima ted  v a l u e s  a r e  t o  be expected f o r  commercially 
washed c o a l s ;  t h e  v a r i a t i o n s  a r e  probably of the same o r d e r  of magnitude a s  
t h e  s t anda rd  d e v i a t i o n s  of t h e  r e s p e c t i v e  e lements  ( t a b l e s  VI-6 and VI-7). 
'l'hese ranges  a r e  expected p a r t i c u l a r l y  f o r  t hose  e lements  i n  t h e  mixed 
and organ ic  a s s o c i a t e d  groups ( t a b l e  VII I -4) ;  however, t h e  v a r i a b i l i t y  of 
t h e  i no rgan i c  (minera l )  a s s o c i a t e d  elements ,  p a r t i c u l a r l y  As, Ba, Cd, Pb, 
and Zn, probably do n o t  vary  a s  much i n  washed c o a l s  a s  t hey  do i n  whole 
c o a l s .  It is  a l s o  important  t o  n o t e  t h a t  t h e  percen tage  r educ t i on  of t h e  
elements i n  t h e  w a s h a b i l i t y  tests d i f f e r e d  q u i t e  a l o t  f o r  many elements .  
For example, se lenium ranged from 4 .8  t o  27,8 pe rcen t  r educ t i on  between 
t h e  100 t o  80 percen t  recovery  p o i n t s  on t h e  w a s h a b i l i t y  curves ;  a r s e n i c ,  
46 t o  72 pe rcen t ;  l e a d ,  30 t o  62 pe rcen t .  

With excep t ion  of s u l f u r ,  t h e  es t imated  amount of t h e  e lements  of p o t e n t i a l  
environmental  concern i n  washed c o a l s  i s  indeed low ( t a b l e  VIII-4) .  If 
washed c o a l  i s  used i n  combustion, none of  t h e s e  e lements ,  excep t  s u l f u r ,  
i s  thought  by t h e  writers t o  cause  s e r i o u s  environmental  problems. These 
me ta l s ,  however, w i l l  be  concent ra ted  i n  t h e  was te  m a t e r i a l s  from c o a l  
p r e p a r a t i o n  p l a n t s ,  and p r e s e n t  d i f f e r e n t  problems of d i s p o s a l  depending 
on t h e  deg ree  of t h e i r  c o n c e n t r a t i o n s  (Wewerka e t  a l . ,  1978). Fu r the r  
i n v e s t i g a t i o n s  a s  t o  t h e  e x t e n t  of t h e s e  concen t r a t i ons  and t h e i r  
environmental  impacts should be undertaken i n  I l l i n o i s ,  

High s u l f u r  l e v e l s  p r e s e n t  a s e r i o u s  problem t o  t h e  c o a l  i n d u s t r y  i n  t h e  
I l l i n o i s  Basin.  Except f o r  a few of t h e  H e r r i n  samples,  t h e  c o a l  c o n t a i n s  
t o o  much s u l f u r  t o  m e e t  e x i s t i n g  emission requi rements  f o r  u se  i n  newly 
cons t ruc t ed  e l e c t r i c  powev p l a n t s  no t  having d e s u l f u r i z a t i o n  f a c i l i t i e s .  
To i l l u s t r a t e  t h i s  problem, t h e  t o t a l  s u l f u r  v a l u e  "expected" f o r  washed 
c o a l  (27% reduc t i on )  was c a l c u l a t e d ,  t hen  converted t o  pounds SO2 p e r  
m i l l i o n  Btu,  The r e s u l t s  f o r  t h e  samples from t h e  He r r in  a r e  p l o t t e d  i n  
f i g u r e  V I I I - 1  and from t h e  S p r i n g f i e l d  i n  f i g u r e  VIII-2,  These maps show 
t h a t ,  f o r  washed c o a l s  from t h e  Her r in ,  on ly  4 samples,  from l o c a t i o n s  
a d j a c e n t  t o  t h e  sou the rn  end of t b  Walshv i l l e  channel ,  could b e  cons idered  
i n  compliance w i th  a 1 .2- lb  so2/10i  Btu (516 ng ~ 0 ~ / ~ ) e m i s s i o n  l i m i t .  These 
c a l c u l a t i o n s  i l l u s t r a t e  t h e  c o n d i t i o n  of t o t a l  combustion f o r  which no SO2 i s  
removed a t  t h e  power p l a n t  and a11  of t h e  s u l f u r  i n  t h e  washed c o a l  i s  , 
converted t o  SO2. None of t h e  samples t e s t e d  from t h e  S p r i n g f i e l d  Coal,  
when c a l c u l a t e d  t o  t h e  washed c o a l  b a s i s ,  y i e l d  less than  1.2  l b s  so2/106 Btu. 
Research and development of new p roces se s  f o r  removal of s u l f u r  from I l l i n o i s  
i s  u r g e n t l y  needed. 
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FIGURE VIII-2 Distribution of sulfur in the Springfield Coal expressed in pounds SO2 per million Btu adjusted to a washed 
(estimated, laboratory) coal basis. 







Discuss ions  of t h e  p r e c i s i o n  of  t h e  a n a l y t i c a l  r e s u l t s  a r e  inc luded  i n  
Sec t i on  I11 of t h e  main t e x t ;  t h e  procedures  a r e  a s  fo l lows:  

Proximate analyses 

Moisture-ASTM D 3173. Weighed samples a r e  d r i e d  i n  a n  e l e c t r i c  oven 
( 1 0 4 ~ - 1 1 0 ~ ~ )  w i th  a  d ry  a i r  f low, cooled ,  and reweighed t o  determine 
mois ture  l o s s .  

Ash-ASTM D 3174. Weighed samples a r e  ashed i n  a n  e l e c t r i c  muff le  
fu rnace  (750°c), cooled,  and reweighed t o  determine t h e  percen tage  
of a sh .  

V o l a t i l e  Matter-ASTM D 3175. Weighed samples i n  capped, p la t inum 
c r u c i b l e s  a r e  hea ted  i n  a n  e l e c t r i c  f u rnace  ( 9 5 0 ~ ~ )  f o r  7  minutes ,  
coo led ,  and reweighed t o  determine v o l a t i l e  ma t t e r  p lu s  mo i s tu r e  l o s s .  

Fixed Carbon-Calculated a s  100 pe rcen t  minus t h e  sum of t h e  pe rcen t ages  
c f  mois ture ,  ash ,  and v o l a t i l e  m a t t e r .  

Ultimate analyses 

Carbon and Hydrogen-IS0 609. Weighed samples a r e  p laced  i n  combustion 
boa t s ,  covered w i t h  a  l a y e r  of f i n e l y  d iv ided  alumina, and s lowly 
pushed i n t o  an  e l e c t r i c  f u rnace  ( 1 3 5 0 ~ ~ ) .  Pure  oxygen is  passed over  
t h e  sample through a  r o l l  of s i l v e r  gauze a t  7 0 0 ' ~  ( t o  t r a p  ox ides  
of s u l f u r  and h a l i d e s ) ,  and f i n a l l y  through a  p a i r  of weighed N e s b i t t  
bu lbs ,  t h e  f i r s t  con t a in ing  magnesium p e r c h l o r a t e  t o  t r a p  H20, t h e  
second con t a in ing  a s c a r i t e  t o  t r a p  C02. The Nesb i t t  bu lb s  a r e  r e -  
weighed and C and H a r e  c a l c u l a t e d  from t h e  v e i g h t s  of  C02 and H20, 
r e s p e c t i v e l y  . 
Nitrogen-Semi-micro Kjeldahl-ISO-333. Weighed samples a r e  d i g e s t e d  
i n  concen t r a t ed  s u l f u r i c  a c i d ,  u s ing  c u p r i c  s e l e n i t e  a s  a  c a t a l y s t .  
The n i t r o g e n  compounds a r e  converted t o  ammonium s a l t s .  The a c i d  i s  
n e u t r a l i z e d  w i t h  NaOH and t h e  r e s u l t i n g  ammonia i s  steam d i s t i l l e d  
i n t o  a s a t u r a t e d  b o r i c  a c i d  s o l u t i o n ,  forming NH40H. An a c i d i m e t r i c  
t i t r a t i o n  w i th  s t anda rd i zed  H2S04, us ing  a  methylene blue/methyl  r e d  
mixed i n d i c a t o r ,  i s  used t o  determine t h e  n i t r o g e n  con t en t .  

T o t a l  sulfur-ASTM D 31778. Weighed samples a r e  mixed w i th  Eschka 's  
mixture  (2 p a r t s  MgO, 1 p a r t  NaaC03), placed i n  p o r c e l a i n  c r u c i b l e s ,  
and i g n i t e d  i n  a n  e l e c t r i c  muf f l e  fu rnace  a t  8 0 0 ' ~  f o r  a t  l e a s t  90 
minutes .  Samples a r e  cooled,  leached w i th  b o i l i n g  wate r ,  and 



f i l t e r e d .  The f i l t r a t e  i s  a c i d i f i e d ,  barium c h l o r i d e  i s  added, and 
r e s u l t i n g  barium s u l f a t e  i s  e v e n t u a l l y  recovered by f i l t r a t i o n .  F i l t e r  
papers  a r e  placed i n  p o r c e l a i n  c r u c i b l e s  and burned away i n  a n  8 0 0 ' ~  
muff le  fu rnace ,  c r u c i b l e s  a r e  coo led ,  weighed, and t h e  percen tage  of 
t o t a l  s u l f u r  i s  c a l c u l a t e d .  

4 .  Oxygen-Calculated a s  100 pe rcen t  minus t h e  sum of t h e  percen tages  of 
carbon, hydrogen, n i t r o g e n ,  t o t a l  s u l f u r ,  and a s h ,  

1. S u l f a t e  sulfur-Weighed samples a r e  b o i l e d  w i th  2:3 hyd roch lo r i c  a c i d  
f o r  30 minutes  and f i l t e r e d ,  F i l t r a t e  i s  made b a s i c  w i t h  NH40H, 
p r e c i p i t a t e  i s  f i l t e r e d  and d i s ca rded ,  f i l t r a t e  i s  a c i d i f i e d ,  barium 
c h l o r i d e  s o l u t i o n  i s  added, and r e s u l t i n g  barium s u l f a t e  is  e v e n t u a l l y  
recovered by f i l t r a t i o n .  F i l t e r  papers  a r e  placed i n  p o r c e l a i n  
c r u c i b l e s  and burned away i n  a n  8 0 0 ' ~  muff le  fu rnace ,  c r u c i b l e s  a r e  
cooled, weighed, and t h e  percen tage  of s u l f a t e  s u l f u r  i s  c a l c u l a t e d .  

P y r i t i c  s u l f u r - F i l t e r  paper and sample from t h e  H C 1  e x t r a c t i o n  of 
p a r t  1 a r e  washed, b o i l e d  w i th  1:7 n i t r i c  a c i d  f o r  30 minutes ,  and 
f i l t e r e d .  F i l t r a t e  i s  made b a s i c  w i t h  NH4OH, p r e c i p i t a t e  i s  
f i l t e r e d  and recovered,  f i l t r a t e  i s  d i s ca rded .  P r e c i p i t a t e  i s  
washed, r e d i s s o l v e d  i n  HC1,  and a l l  ~ e + ~  is  reduced t o  ~ e + ~  wi th  
SnC12 s o l u t i o n .  ~ e + ~  i s  t i t r a t e d  w i t h  s tandard  potass ium dichromate  
s o l u t i o n  us ing  barium diphenylamine s u l f o n a t e  i n d i c a t o r .  The 
percen tage  of p y r i t i c  s u l f u r  i s  c a l c u l a t e d  from measured percen tage  
of Fey assuming a l l  i r o n  e x t r a c t e d  by n i t r i c  a c i d  w a s  i n  t h e  form of 
i r o n  p y r i t e ,  

3. Organic su l fur -Calcu la ted  a s  percen tage  of t o t a l  s u l f u r  minus t h e  
sum of t h e  percen tages  of s u l f a t e  s u l f u r  and p y r i t i c  s u l f u r .  

A weighed sample i n  a s t a i n l e s s  s t e e l  c apsu l e  i s  placed i n  a P a r r  bomb, 
which i.s then  p re s su r i zed  t o  $30 atmospheres with pu re  oxygen. The bomb 
i s  immersed i n  a known q u a n t i t y  of water i n  a bucket ,  which i s  placed 
i n s i d e  an  i so thermal - jacke t  c a l o r i m e t e r .  The sample i s  e l e c t r i c a l l y  
i g n i t e d  and allowed t o  burn wh i l e  t h e  j a cke t  i s  a t  a l l  t imes  maintained 
a t  p r e c i s e l y  t h e  same tempera ture  a s  t h e  bucket .  A f t e r  8 minutes ,  t h e  
i n c r e a s e  i n  t h e  bucket t empera ture  i s  measured t o  t h e  n e a r e s t  . O O l ° C ,  
and t h e  c a l o r i f i c  v a l u e  i s  c a l c u l a t e d ,  

reparation of 

Approximately 2 grams of whole coa l ,  a s  r ece ived ,  was placed i n  a n  acid-  
washed 30 m l  Vycor brand c r u c i b l e  t h a t  had been p rev ious ly  d r i e d  a t  100°c 
f o r  s e v e r a l  hours ,  cooled t o  room tempera ture ,  and a c c u r a t e l y  weighed. 

0 
The c r u c i b l e  and sample were placed i n  a mois ture  oven a t  100 C t o  110'~ 
f o r  2 hours ,  The d r i e d  sample was removed from t h e  mois ture  oven and 



placed  i n  a  d e s i c c a t o r  t o  coo l ,  The sample was t hen  c a r e f u l l y  weighed, 
covered wi th  a  Vycor brand c r u c i b l e  cover ,  and p laced  i n  a room-temperature, 
muff le  fu rnace  t h a t  had been a d j u s t e d  t o  o b t a i n  a maximum tempera ture  of 
5 0 0 ' ~  f o r  20 t o  24 hours ,  o r  u n t i l  no carbonaceous m a t e r i a l  remained. 
The sample was t hen  placed i n  a  d e s i c c a t o r  t o  coo l .  Af t e r  i t  had cooled,  
t h e  sample was weighed and then  ground i n  a  m u l l i t e  mor ta r  w i th  p e s t l e .  
The ground sample was placed i n  a  3 dram g l a s s  v i a l ,  d r i e d  a t  1 1 0 ~ ~  f o r  
s e v e r a l  hours ,  and s t o r e d  i n  a  d e s i c c a t o r  u n t i l  used. 

Atomic a b s o r p t i o n  (AA) methods were used f o r  t h e  de t e rmina t i on  of Cd, Cu, 
L i ,  N i ,  Pb, and Zn ( a l s o  Fe and S r  f o r  accuracy check) i n  a  5 0 0 ' ~  a s h  of 
t h e  c o a l  samples i n  t h i s  s tudy .  Measurements were made us ing  a  Perkin-  
Elmer Model 306 Atomic Absorpt ion Spectrophotometer.  Absorbance s i g n a l s  
were recorded on a  s t r i p  c h a r t  r e co rde r .  Standard s i n g l e  element hollow 
cathode lamps were used except  f o r  Cd where an  e l e c t r o d e l e s s  d i s cha rge  
lamp was used. Cor r ec t i ons  f o r  non-atomic background a b s o r p t i o n  were made 
s imul taneous ly  u s ing  a  deuter 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  grade chemicals .  Standard 
s t o c k  s o l u t i o n s  were prepared from h igh  p u r i t y  me ta l s  o r  compounds. The 
c a l i b r a t i o n  s t anda rds  were prepared  from d i l u t e d  s t ock  s o l u t i o n s  and 
conta ined  t h e  fo l lowing  mat r ix :  3 pe rcen t  V/V aqua r e g i a  (1;3:1; HN03- 
HC1-H20), 5 pe rcen t  V / V  concent ra ted  HF r eagen t  (48% w/w), 2.5 pe rcen t  
W/V H3B03, and 2000 ppm C s  a s  C s C 1 .  

Approximately 0 .1  g  of 5 0 0 ' ~  a s h  was weighed i n t o  a  60 m l  l i n e a r  poly- 
e thy l ene  screw cap b o t t l e .  The sample was wet ted w i th  1.5 m l  of aqua 
r e g i a ,  and 2 . 5  m l  of 48 pe rcen t  HF was t hen  added. The b o t t l e  was 
capped t i g h t l y  and p laced  on a  steam ba th  f o r  approximately two hours .  
The cap was t hen  removed c a r e f u l l y  and 25 m l  of a  50 g / l  H3B03 s o l u t i o n  
was added. I f  a  r e s i d u e  o r  p r e c i p i t a t e  p e r s i s t e d ,  t h e  b o t t l e  was 
r e tu rned  t o  t h e  steam b a t h  f o r  approximately h a l f  a n  hour .  The sample 
was then  allowed t o  coo l  and 200 p 1  of a  0.500 g/ml C s  s o l u t i o n  was added 
t o  make t h e  f i n a l  s o l u t i o n  2000 ppm C s .  The s o l u t i o n  was d i l u t e d  t o  50 m l  
wi th  de ion ized  wa te r ,  and r e t u r n e d  t o  t h e  sample bo t . t l e  f o r  s t o r a g e .  

Standard recommended o p e r a t i n g  cond i t i ons  f o r  AA were used and a r e  summarized 
i n  t a b l e  A-1. C a l i b r a t i o n  curves  were constru .c ted by l e a s t  squa re s  method 
and new c a l i b r a t i o n  curves  were c a l c u l a t e d  f o r  each s e t  of ana ly se s .  

O p t i c a l  emission spec t rog raph i c  (OE) methods developed f o r  t h i s  work employ 
a  high-temperature  ashed sample and d . c .  arclpowder t echniques  w i th  photo- 
g r aph i c  r eco rd ing  of s p e c t r a ,  w i th  d a t a  r e d u c t i o n  by computer programs. 
S t anda rd i za t i on  and c a l i b r a t i o n  of t h e  determined elements  a r e  based on NBS 
s t anda rd  r e f e r e n c e  m a t e r i a l s ,  round-robin ana ly se s  of r e f e r e n c e  samples, 
and s y n t h e t i c  s t anda rds .  

The elements  of i n t e r e s t  a r e  t r e a t e d  i n  two s e p a r a t e  groups: r e l a t i v e l y  
v o l a t i l e  e lementa l  e lements ,  i nc lud ing  t h a l l i u m  and s i l v e r ;  and r e l a t i v e l y  



TABLE A-  1. Operating parameters for atomic absorption spectroscopy. 

Wave- Typical 
length Slit Flame Sensitivity 

Element Current ( nm) (nm) oxidant/fuel (ppm/O. 0044 Abs) 
- - 

8ma 

lOma 

3 0ma 

15ma 

18ma 

lOma 

2 5ma 

15ma 

TABLE A-2. Instrumental parameters for optical emission spectrography. 

Spectrographic 

Spectrograph 
Grating angle 
Slit width 
Step sector 
External optics 

Arc current 
Arc gap 
Arc atmosphere 

Photographic 

Pre-arc 
Exposure 

Emulsion type 
Developer 

Jarrell-Ash 3.4-M Ebert 
6.02 degrees off normal 
25 VM 
1:2 
Intermediate aperture and crossed 

cylindrical relay lenses 
13.0 A (short circuit) 
4 mm 
80% Ar, 20% 0 2  @ 14 SCFH 

None 
Thallium 10 sec.;silver 35 sec. 

(volatile element group) 
80 sec. (refractory element group) IP) 
Eastman SA-1 
D-19; 2 min @ 20°c 

TABLE A-3. Wavelengths used for trace elements in coal by optical emission spectrography. 

Wavelength Wavelength 
Element (nm) Element (nm) 



r e f r a c t o r y  e lements ,  i nc lud ing  boron, bery l l ium,  germanium, molybdenum, 
vanadium zmd zirconium. The a n a l y t i c a l  method f o r  t h e  v o l a t i l e  element 
group employs a  c a r r i e r - d i s t i l l a t i o n  technique  u s ing  a  barium f l u o r i d e  
c a r r i e r .  A novel  e lec t romechanica l  o p t i c a l  s h u t t e r  system provides ,  i n  a 
s i n g l e  spectrogram, exposures  of d i f f e r e n t  i n t eg ra t i on - t ime  pe r iods  f o r  
t h a l l i u m  and s i l v e r  dur ing  t h e  same e x c i t a t i o n  c y c l e  t o  maximize a n a l y t i c a l  
s e n s i t i v i t y  f o r  each element .  A t o t a l  v o l a t i l i z a t i o n  procedure i s  employed 
f o r  t h e  r e f r a c t o r y  element group t o  minimize t h e  e f f e c t s  of p r e f e r e n t i a l  
v o l a t i l i z a t i o n .  A control led-atmosphere  semi-automated accessory  dev i ce  
prov ides  r e p r o d u c i b l e  plasma geometry and a t t e n u a t i o n  of cyanogen s p e c t r a l  
i n t e r f e r e n c e .  

Emission s p e c t r a  a r e  recorded  i n  d u p l i c a t e .  A r e f e r e n c e  sample ( p l a t e  
s t anda rd )  i s  exposed on each p l a t e  t o  p rov ide  t h e  neces sa ry  s t a n d a r d i z a t i o n  
corr e c t i o n s  . In s t rumen ta l  parameters  a r e  l i s t e d  i n  t a b l e  A-2. Wave- 
l e n g t h s  used f o r  de te rmin ing  elements  by OE a r e  summarized i n  t a b l e  A-3. 

Data process ing  of a n a l y t i c a l  r e s u l t s  i s  done w i t h  a CYBER computer system 
(Un ive r s i t y  of I l l i n o i s ) .  Computer programs f o r  automation of t h e  
convent iona l  H & D curve  emulsion c a l i b r a t i o n  u se  a  Gaussian t r ans fo rma t ion  
of t h e  d e n s i t o m e t r i c  d a t a  and a  smoothing cubic  s p l i n e .  The t r ans fo rma t ion  
removes an  i n f l e c t i o n  p o i n t  i n  t h e  emulsion c a l i b r a t i o n  curve  and a l lows  
t h e  cub i c  s p l i n e  t o  o p e r a t e  more e f f i c i e n t l y .  The computer programs f o r  
computation of element c o n c e n t r a t i o n s  accomodate log- log coo rd ina t e  
a n a l y t i c a l  curves  t h a t  a r e  l i n e a r ,  q u a d r a t i c  o r  cub i c ,  o r  any combination of 
t h e s e .  

INAA depends on t h e  produc t ion  of r a d i o a c t i v e  i s o t o p e s ,  normally i n  a  
r e s e a r c h  n u c l e a r  r e a c t o r ,  and t h e  d e t e c t i o n  and r e s o l u t i o n  of t h e  r e s u l t i n g  
gamma-ray spectrum by h igh  r e s o l u t i o n  semiconductor d e t e c t o r s  such .as  
l i t h i u m - d r i f t e d  germanium d e t e c t o r s  [Ge(Li) ] . The amount of a c t i v i t y  
produced f o r  an  clement i n  a  sample can be c o n t r o l l e d  by va ry ing  t h e  
q u a n t i t y  of t h e  sample i r r a i l i a t e d ,  t h e  i r r a d i a t i o n  t ime, and t h e  l e n g t h  of 
t h e  decay i n t e r v a l .  Coal r e p r e s e n t s  a  n e a r l y  i d e a l  m a t r i x  f o r  INAA. A 
r e l a t i v e l y  l a r g e  q u a n t i t y  of whole c o a l  can  be  a c t i v a t e d  because t h e  major 
c o n s t i t u e n t s  (carbon,  hydrogen and oxygen) do n o t  form r a d i o a c t i v e  s p e c i e s  
under normal thermal  neu t ron  i r r a d i a t i o n  c o n d i t i o n s ,  I n  a d d i t  i on ,  because 
c o a l  i s  heterogenous,  a  f i n e l y  ground sample i s  e s s e n t i a l ,  and t h e  sample 
s i z e  of approximately 1.0 g  i n  a 1 .5  m l  po lye thy lene  v i a l  en su re s  a  
r e p r e s e n t a t i v e  sample. 

D e t a i l s  of t h e  i s o t o p e s  produced, h a l f - l i v e s ,  c r o s s  s e c t i o n s ,  decay i n t e r v a l s  
gamma-rays u t i l i z e d  f o r  a n a l y s i s ,  and l i m i t s  of d e t e c t i o n  a r e  shown i n  
t a b l e  A-4,  The i r r a d i a t i o n  and count ing  t imes  chosen were a compromise f o r  
t h e  de t e rmina t i on  of t h e  m a j o r i t y  of e lements .  The p a r t i c u l a r  gamma-ray 
wavelengths used were chosen because t hey  were f r e e  of s i g n i f i c a n t  s p e c t r a l  
i n t e r f e r e n c e s  and had s u f f i c i e n t  i n t e n s i t i e s  t o  g i v e  adequa te  s t a t i s t i c s .  
Gamma-ray a c t i v i t i e s  of t h e  samples were compared w i th  t h o s e  of mu l t i -  
e lementa l  s t anda rds  t h a t  c o n s i s t e d  of Whatman 4 1  f i l t e r  papers  on to  which 
a l i q u o t s  of s o l u t i o n s  con t a in ing  t h e  s e v e r a l  e lements  had been s p o t t e d  
and evaporated.  The mixed s tandard  s o l u t i o n s  were prepared from r eagen t  
g rade  elements  o r  compounds. A l l  samples and s t anda rds  were weighed i n t o  



TABLE A-4. Nuclear properties of isotopes used for analysis of coal. 

Cross  Major 
I s o t o p e  Half S e c t i o n  Count ing Gamma-Ray 

Produced L i f e  (Barns)  Period U t i l i z e d  ( k e u  - 
N a  2 4 ~ a  15 h r  0.53 B I  C 1368 
C1 H ~ q l  37 min 0.40 A 164 2 
K 4 9 ~  12.4 h r  1 .2  B ,  C 1525 
Sc 4 6 ~ ~  83.8 day  1 3  D 889, 1120 
Cr ' ~ r  27.8 day  17  D 320 
Mn 56Mn 2.58 h r  13.3  Bf C 847, 1811  
Fe 5 9 ~ e  44.6 day  1.1 D 1099, 1292 
Co 6 0 ~ o  5 . 2 6 y r  3 7 D 1173, 1333 
N i  %o 7 1  day  0.2 D 8 1 1  
Z n  ~n 244 day 0.5  D 1115 
Zn 6 5 ~ n  13.9 h r  0 . 1  B, C 439 
Ga ~a 14.2 h r  5 .0  BI C 8 34 
A s  AS 26.3 h r  4 .5  C 559, 657 
Se 7 5 ~ e  120 day  30 D 136,  265 
Br 8%r 35.4 h r  3 .0  B, C 554, 777 
Rb 8 6-& 18.7  day  0.7 D 1077 
~r 8 7 m ~ r  2.8 h r  1 .3  B 388 
S r 8 5 ~ r  6 4 . 5 d a y  1.0  D 5 14 
Mo "MO 66.2 h r  0 .15 C I 14  1 
Ag l l o m ~ g  2 5 2 . 4 d a y  3.5  D 6 58 
I n  "'1n 54 min 160 A ,  B 417, 1097 
Sb ~b 2.7 day  6 .5  C 5 64 
Sb 1 2 4 ~ b  60.2 day  2.5 D 1691 
1 17flI 25 min 6.2  A 44 3 
Cs - 3 4 ~ ~  2.06 y r  3 1 D 796, 569 
Ba ' l ~ a  11.5 day 8 .8  CI D 496, 216 
Ba ' ~ a  8 3  min 0.35 B 166 
L a  l 4  O L ~  40.3 h r  8 . 9  C 1596, 487 
Ce l 4  32.4 day  0.6 D 14 5 
~ r n  1 5 3 ~ m  46.5 h r  2 10  C 10  3 
Eu l ' L I L k ~  9.3 h r  2800 B, C 122,  344 
Eu l S 2 ~ u  12  y r  5900 D 1408 
Tb l b O ~ b  72.3 day 46 D 879 
Dy DY 2.36 h r  700 B 95 ,  362 
Y b 1 7 5 ~ b  4 . 2  day  5 5 C 396, 282 
Y b lb 'yb 32  day  5500 D 198,  177 
Lu 1 7 7 ~ u  6.7  day 2100 D 2 08 
H f l f l l ~ f  43 day  1 0  D 482, 133 
Ta l s 2 ~ a  111 day  21 D 156, 222 
W 1 ~ 7 ~  23.9 h r  3 8 B1 C 480, 686 
Au 'AU 65  h r  99 C ,  412 
~h 2 3 3 ~ a  27 day  7.4 D 312 
U 2 3 9  

NP 56 h r  2 .7  c I 277, 228 

Count ing Decay c o u n t  
P e r i o d  I r r a d i a t i o n  (necm I n t e r v a l  I n t e r v a l  

A 1 5  min 2 x 1012  30 min 500 s 
B 1 5  min 2 x 1 0 1 2  3 h r  3000-4000 s 
C 2 h r  2 x 1 0 1 2  24 h r l  6000-8000 s .  
D 2 h r  2 x 1012 30 day  8-11 h r  



1.5 mL washed po lye thy lene  v i a l s ,  h e a t  s e a l e d ,  and a c t i v a t e d  i n  t h e  Advanced 
TRIGA MARK I1 r e a c t o r  a t  t h e  Un ive r s i t y  of I l l i n o i s  i n  t h e  r o t a r y  specimen 
assembly ( l a z y  susan)  which r o t a t e s  con t inuous ly  dur ing  t h e  i r r a d i a t i o n  t o  
ensure  t h a t  a l l  r e c e i v e  t h e  same neu t ron  f l u x  d i s t r i b u t i o n .  The Cd r a t i o  
(RCd) a t  t h i s  l o c a t i o n  was about 5.0, i n d i c a t i n g  t h a t  t h e  neu t ron  f l u x  i s  
thermal .  

The gamma count ing  system used i n  t h i s  s tudy  i s  shown i n  b lock  diagram 
form i n  f i g u r e  A - 1 .  The samples were counted u s ing  a pneumatic sample 
changer (Massoni e t  a l . ,  1973) which ensured r ep roduc ib l e  geometry and 

efficiency: 15% 

Canberra 1407 

live-time corrector and 
Ortec 572 

pulse pile-up rejector 
and amplifier 

IBM 360175 
computer 

Figure A-  1. Block diagram of INAA system. 



permi t ted  optimum count ing  t imes.  Data r educ t i on  was accomplished wi th  
t h e  computer f a c i l i t i e s  a t  t h e  Un ive r s i t y  of  I l l i n o i s  u s ing  programs 
(Manley e t  a l . ,  1977) adapted t o  be compat ible  wi th  t h e  count ing  equipment. 

The XRF equipment c o n s i s t s  of a  P h i l l i p s  vacuum spec t rometer  equipped 
w i th  a  Mark I e l e c t r o n i c s  pane l  and a  chromium t a r g e t  X-ray tube.  X-ray 
f l uo re scence  a n a l y s e s  were done on t h e  5 0 0 ' ~  a shes  of c o a l  f o r  P, Mg, K,  
Ca, Fe, T i ,  A l ,  and S i .  

Because t h e  m a t r i x  i n t e r f e r e n c e  problems presen ted  by c o a l  a s h  a r e  s i m i l a r  
t o  t hose  of rocks ,  t h e  d i l u t i o n  technique  of Rose, Adler ,  and Flanagan 
(1962),  developed p r i m a r i l y  f o r  s i l i c a t e  rock s anp l e s ,  was used t o  ana lyze  
c o a l  a s h  samples,  

A 125 m g  a l i q u o t  of d r i e d  5 0 0 ~ ~  a s h  sample was weighed i n t o  a  g r a p h i t e  
c r u c i b l e  con t a in ing  1.000 gm of l i t h i u m  t e t r a b o r a t e .  A dep re s s ion  made 
i n  t h e  l i t h i u m  t e t r a b o r a t e  p r i o r  t o  a d d i t i o n  of t h e  a s h  sample prevented 
c o n t a c t  of t h e  sample wi th  t h e  c r u c i b l e  waJ-I, Next, 125 mg of  lanthanum 
oxide  was added a s  a  heavy-element abso rbe r ,  and t h e  con t en t s  of t h e  
c r u c i b l e  w e r e  mixed as thoroughly as  p o s s i b l e  w i t h  a  g l a s s  s t i r r i n g  rod,  
wi thout  s c r a p i n g  t h e  c r u c i b l e  bottom o r  wa l l .  The mix ture  was fused i n  a  
fu rnace  f o r  15 minutes  a t  1 0 0 0 ° ~ ,  removed, covered w i t h  a  second c r u c i b l e ,  
and allowed t o  c o o l  t o  room temperature .  The r e s u l t i n g  p e l l e t  was weighed 
t o  determine l o s s  of weight on f u s i o n  and was placed i n  t h e  t ungs t en  
c a r b i d e  g r ind ing  v i a l  of a  No. 6  Wig-L-Bug wi th  2  pe rcen t  by weight of 
Somar mix ( a  commercial g r i nd ing  and p l a s t i c i z i n g  a g e n t ) ,  The sample was 
ground f o r  3 minutes ,  t r a n s f e r r e d  t o  a  d i e ,  and p re s sed  i n t o  a  d i s k  a t  
40,000 p s i .  When backed w i th  a  l a y e r  of p ressed  Somar mix, t h e  pressed  
d i s k  was semi-permanent and was used f o r  t h e  q ~ i a n t i t a t i v e  de t e rmina t i on  
of  major and minor elements by X-ray a n a l y s i s .  Table  A-5 demonstrates  
t h e  accuracy  of  t h i s  method f o r  t h e  de t e rmina t i on  of S i ,  T i ,  A l ,  Fe, Mg, 
Ca, K, and P i n  c o a l  a s h  samples. 

TABLE A-5. ISGS x-ray fluorescence analyses and BCURA* analyses of coal ash (percent). 

BCURA No. 4 BCURA No. 5 BCURA No. 7 BCURA No. 1 0  BCURA S l a g  
Ave. 

Oxide XRF Reported* XRF Reported* XRF Reported* XRF Reported* XRF Reported* D i f f .  
- - 

SiO, 53.28 53.41 29.27 29.43 20.01 20.37 44.03 44.49 51.45 51.58 0 .25 

TiO, 1.65 1 .70 0.65 0 .70 0 .26 0.34 1.18 1 .19 0.96 0.96 0 .04 

A1203 34.11 33.88 19.73 19.82 10.03 10.33 29.93 30.02 28.20 28.45 0.19 

Fe203 5.83 5.76 39.02 39.24 62.16 62.31 13.56 13.82 6.27 5.99 0.17 

MgO 0.66 0.71 1 .18 1 .29  0.58 9.63 2 .05 2.00 2.33 2.26 0.06 

CaO 0.73 0.77 2.47 2.54 2.31 2.30 1 .24  1 .29  7 .89 7.91 0.04 

K2° 2.45 2 .38 1 .94 1 .95  1 .38 1 .39 3.68 3.71 2.84 2.81 0.03 

" B r i t i s h  Coal  U t i l i z a t i o n  Resea rch  A s s o c i a t i o n  (Dixon e t  a l . ,  1 9 6 4 ) .  
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LE A-6. X-ray fluorescence settings for analysis of coal ash. 
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Operat ing parameters  of t h e  X-ray f l uo re scence  spec t rometer  f o r  t h e  a n a l y s i s  
of c o a l  and c o a l  a s h  samples a r e  l i s t e d  i n  t a b l e  A-6.  

The in s t rumen ta t i on  c o n s i s t s  of a  Kevex S i  (Li)  d e t e c t o r  w i t h  a  r e s o l u t i o n  
of 155 eV (FWHM) a t  5.9 KeV, a  300 M C i  2 4 1 ~ m  e x c i t a t i o n  source ,  and a 
Tracor Northern 1700 mul t ichanne l  ana lyze r .  

Determinat ions  of Ba, S r ,  and Z r  were made by EDX on t h e  5 0 0 ' ~  ash .  The 
a sh  was ground t o  pa s s  a  -200 mesh s i e v e  and 0.500 gm (1.000 gm when 
unashed c o a l  was used) was p laced  i n  a  po lye thy lene  cup. The mouth of t h e  
cup was s ea l ed  wi th  a  p i e c e  of Mylar f i l m  (0.00015 inch  t h i c k ) .  The cup 
was i n v e r t e d  and tapped so  t h a t  t h e  sample s e t t l e d  a s  a  uniform l a y e r  on 
t h e  Mylar. The sample was then  p laced  i n  an  aluminum sample ho lder  and 
exposed t o  monochromatic r a d i a t i o n  genera ted  from a secondary t a r g e t  of 
Dy f o r  Ba and a  secondary t a r g e t  of Sn f o r  S r  and Z r .  

S tandards  were c o a l  a s h e s  t h a t  were p r ev ious ly  analyzed by o t h e r  methods. 
The s t anda rds  were analyzed i n  t h e  same manner a s  t h e  sample. Count r a t e s  
ob ta ined  on samples and s t a n d a r d s  were c o r r e c t e d  f o r  background and a  
blank.  For each element,  a  p l o t  was made of concen t r a t i on  ve r sus  n e t  
count r a t e  f o r  s t anda rds  over  a  range  of concen t r a t i ons .  The c o n c e n t r a t i o n  
of a n  element i n  a  sample was then  c a l c u l a t e d  a s  t h e  product  of n e t  count  
r a t e  f o r  t h e  sample and t h e  s l o p e  of t h e  curve of concen t r a t i on  v e r s u s  
count  r a t e  f o r  t h e  s t anda rds .  

This  ISE method has  been p rev ious ly  publ ished (Thomas and Gluskote r ,  1974) 
and i s  p r e s e n t l y  accep ted  a s  t h e  ASTM D3761-79 method f o r  t h e  a n a l y s i s  of 
F i n  coa l .  A resume of t h e  method i s  a s  fo l lows .  

One gram of feed  c o a l  o r  l i q u e f a c t i o n  r e s idue ,  weighed t o  t h e  n e a r e s t  0 .5  
mg and conta ined  i n  a  fused q u a r t z  sample ho lde r ,  is  placed i n  a  combustion 
bomb con t a in ing  5 mL of a  1 M  sc:dium hydroxide s o l u t i o n .  The bomb i s  



p r e s s u r i z e d  t o  about  28 atmospheres wi th  oxygen and is  f i r e d .  A t  l e a s t  15 
minutes  a r e  al1owe.d t o  e l a p s e  b e f o r e  t h e  bomb i s  dep re s su r i zed  s lowly over  
a  per iod  of about  1 minute,  Three 5  a l i q u o t s  of demineral ized wate r  
a r e  used t o  r i n s e  t h e  bomb c o n t e n t s  i n t o  a  50 mL p l a s t i c  beaker .  The 
beaker  c o n t e n t s  a r e  s t i r r e d  whi le  t h e  pH i s  a d j u s t e d  t o  5,O and 522 w i t h  
0.25M H2S04. (This  reduces  t h e  i n i t i a l l y  h igh  b i ca rbona t e  con t en t  
s u f f i c i e n t l y  t o  minimize i t s  p o s s i b l e  i n t e r f e r e n c e  i n  t h e  f l u o r i d e  
de t e rmina t i on . )  F ive  mL of a  1 M  c i t r a t e  ionic-s trength-adjustment  b u f f e r  
a r e  added t o  t h e  beaker c o n t e n t s  t o  b u f f e r  t h e  s o l u t i o n  a t  a  pH of about 
6.0, and t o  r e l e a s e  most of t h e  f l u o r i d e  from complexes w i th  i r o n ,  
aluminum, and hydrogen i ons .  The t o t a l  volume i s  a d j u s t e d  t o  50 mL wi th  
de ion ized  wa te r  i n  a  p l a s t i c  vo lumet r ic  f l a s k ,  and t h e  c o n t e n t s  r e t u r n e d  
t o  t h e  p l a s t i c  beaker  f o r  a  measurement, The p o t e n t i a l  i s  determined 
w i th  t h e  f l u o r i d e  i o n - s e l e c t i v e  e l e c t r o d e .  One mL of a  s o l u t i o n  0.01M 
i n  f l u o r i d e  (190 ppm) i s  added t o  t h e  beaker c o n t e n t s  and t h e  p o t e n t i a l  
i s  determined aga in .  The f l u o r i d e  con t en t  i n  t h e  c o a l  i s  c a l c u l a t e d  from 
t h e  AE r e s u l t i n g  from t h e  known f l u o r i d e  a d d i t i o n ,  With c a r e ,  t h e  
r e p r o d u c i b i l i t y  of t h e  method i s  about k5 pe rcen t ,  r e l a t i v e ,  i n  t h e  
c o n c e n t r a t i o n  range  of 5 ppm t o  1000 ppm. 

The e r r o r  i s  n o t  l a r g e  i n  t h e  above method when t h e  a sh  con t en t  is  a s  g r e a t  
a s  20 percen t .  However, when t h e  a s h  con t en t  su rpas se s  20 pe rcen t ,  t h e  
r e s i d u e  t h a t  remains i n  t h e  bomb a f t e r  t h e  s o l u b l e  m a t e r i a l  has  been washed 
o u t  fo l lowing  combustion i s  fused  i n  a  n i c k e l  c r u c i b l e  w i th  3 gm of 
powdered sodium hydroxide,  and t h e  f u s i o n  mix ture  i s  taken  up i n  de ion ized  
wa te r .  The pH i s  ad ju s t ed  t o  5 .0  t o  5.2 ( t h e  s o l u t i o n  volume i s  much 
l a r g e r  i n  t h i s  case-200 mnL t o t a l  s o l u t i o n ) ;  then  20 mL of t h e  1 M  c i t r a t e  
ionic-strength-adjustment bu f f e r  s o l u t i o n  i s  added. The volume i s  ad ju s t ed  
t o  200 mL and t h e  p o t e n t i a l  i s  determined,  A f t e r  a d d i t i o n  of 5 mL of 
0.01M f l u o r i d e  s o l u t i o n  AE i s  aga in  determined and t h e  f l u o r i d e  concentra-  
t i o n  of  t h e  combustion bomb r e s i d u e  i s  determined. The r e s u l t  of t h i s  
de t e rmina t i on  i s  added t o  t h a t  ob ta ined  f o r  t h e  combustion bomb washings. 
Because of  t h e  sma l l  sample s i z e  and t h e  h igh  d i l u t i o n  f a c t o r ,  t h e  
d e t e c t i o n  l i m i t  of  f l u o r i d e  i n  t h e  fu s ion  method i s  10 ppm. 

From 0.6 t o  1.0 gm of c o a l  i s  a c c u r a t e l y  weighed i n t o  a  two- f i f t h s  dram 
polye thy lene  snap-cap v i a l .  A 1 mL a l i q u o t  of a  10.0 m g / d  s t anda rd  
s o l u t i o n  of  H ~ + ~  ( a s  n i t r a t e )  i s  s ea l ed  i n  a s i m i l a r  po lye thy lene  v i a l .  
Samples and s t anda rd  a r e  s imul taneous ly  i r r a d i a t e d  f o r  2  hours  i n  t h e  
Un ive r s i t y  of I l l i n o i s  Advanced TRIM r e a c t o r  a t  t h e  f l u x  of 1.4 x 1012necm-2 
s e c - l *  One day i s  allowed f o r  r a d i a t i o n  l e v e l s  t o  dec rea se  by t h e  p r e f e r -  
e n t i a l  decay of s h o r t e r - l i v e d  r a d i o i s o t o p e s  such a s  2 4 ~ a ,  3 1 ~ i ,  and 5 6 ~ n ,  
t o  permit  s a f e  handl ing  of t h e  samples. 

A method modified from t h a t  of Rook, G i l l s ,  and LaFleur (1971) i s  used t o  
determine mercury. Each sample i s  mixed 1:1 wi th  60-mesh Norton Alundum 
RR (A1203), t r a n s f e r r e d  t o  a  4-inch p o r c e l a i n  b o a t  (F i she r  Combax, s i z e  A), 
and covered w i th  Alundum. The boa t ,  p r ev ious ly  impregnated w i th  2  mg H ~ "  
c a r r i e r ,  i s  p laced  i n  a  l - inch diameter  Vycor t ube  and t h e  con t en t s  t hen  
cornbusted s lowly i n  a  tube  fu rnace  a t  900° t o  1000O~.  An oxygen o r  a i r  
f low of about 50 to 75 mL per  minute i s  maintained through t h e  tube .  The 
gaseous and v o l a t i l i z e d  produc ts  a r e  c o l l e c t e d  i n  a co ld  t r a p  t h a t  i s  



cooled by dry  ice -ace tane  mix ture .  The combustion p roces s  r e q u i r e s  
s e v e r a l  hours  t o  ensure  c o n t r o l l e d  burn ing  and e f f i c i e n t  t r a n s f e r  of 
v o l a t i l e  p roduc ts  t o  t h e  t r a p .  A f t e r  combustion of t h e  sample is 
complete, t h e  co ld  t r a p  i s  warmed t o  room temperature  and t h e  mercury i s  
washed o u t  w i th  d i l u t e  FINO3. The s o l u t i o n  i s  hea ted  t o  80°c, and t h e  
8 2 ~ r  i n t e r f e r e n c e  i s  removed by p r e c i p i t a t i o n  of  AgBr wh i l e  t h e  more 
s o l u b l e  HgBr2 remains i n  s o l u t i o n .  The Hgft s o l u t i o n  i s  decanted,  and t h e  
77 keV y-ray a c t i v i t y  t h a t  i s  due t o  Hg i s  counted w i t h  a  NaI(T1) 
d e t e c t o r .  The mercury s t anda rd  i s  t r e a t e d  i d e n t i c a l l y  t o  t h e  s anp l e s .  
Radiochemical y i e l d s  a r e  determined by r e - i r r a d i a t i o n  and range  from 50 
t o  90 pe rcen t .  The average r e l a t i v e  s t anda rd  d e v i a t i o n  i s  15 p e r c e n t ,  and 
t h e  d e t e c t i o n  l i m i t  i s  0.005 ppm f o r  a  1 gram sample and 2  hour i r r a d i a t i o n .  
Analyses of NBS SKM-1632 s t anda rd  c o a l  u s ing  t h i s  method gave a  Hg v a l u e  
of 0.13+03 and i s  i n  e x c e l l e n t  agreement w i th  t h e  c e r t i f i e d  v a l u e  (0.13'02 
P P ~ )  * 

Superv is ing  a n a l y s t s  f o r  t h e  procedures  de sc r ibed  were: 

Standard c o a l  ana lyses :  L. B. Kohlenberger 
Atomic a b s o r p t i o n  (AA):  J. D. S t e e l e  
O p t i c a l  emission (OE) : R. S. Vogel 
In s t rumen ta l  neu t ron  a c t i v a t i o n  (INAA): R. A,  C a h i l l  
X-ray f l uo re scence  (XRF): L. R ,  Henderson 
Energy d i s p e r s i v e  X-ray (EDX): L ,  R. Henderson 
Ion s e l e c t i v e  e l e c t r o d e  ( I S E )  : 3, Thomas, Jr. 
Radiochemical neu t ron  a c t i v a t i o n  (RNAA): L. R e  Camp 





Whole c o a l  samples were low-temperature ashed i n  a  L.F.E. Corp. Model 
LTA-504 radio-frequency a she r  i n  which oxygen was in t roduced  i n t o  a  rad io-  
f requency f i e l d  producing an  "act  i va t edv '  oxygen-plasma atmosphere. A 10- t o  
20-g subsample was spread evenly  over t h e  bottoms of 3  pyrex b o a t s ,  t o  a  
dep th  of about  3 mm. The boa t s  were e i t h e r  9  cm i n  diameter  o r  about  12 x 4  
cm i n  s i z e .  The samples were then  d r i e d  i n  a  vacuum d e s i c c a t o r  f o r  a  
minimum of 24 hours .  

The samples were placed i n  t h e  a s h e r  and t h e  p r e s s u r e  brought down t o  
approximately 1 t o r r .  The r a d i o  f requency was then  in t roduced  a t  37.5 w a t t s  
per  chamber (a t o t a l  of 150 w a t t s  d i s t r i b u t e d  between fou r  chambers). An 
oxygen f low r a t e  of  20 cm3 per  minute was then  in t roduced  t o  produce t h e  
plasma. The a sh ing  temperature  was monitored occas iona l l y  wi th  a  Raynar 
i n f r a r e d  remote thermometer and w i t h  Wahl temp-plate t a b s .  Nei ther  of 
t h e s e  methods i s  ve ry  a c c u r a t e ,  ye t  t hey  a r e  t h e  b e s t  a v a i l a b l e .  
None of t h e  r ead ings  ob t a ined  was above 1 3 7 O ~ .  

The samples were s t i r r e d  twice  and weighed once each day. The samples were 
always weighed i n  t h e  same sequence t o  f a c i l i t a t e  a c c u r a t e  measurement of 
t h e i r  changes i n  weight .  The placement of t h e  t h r e e  b o a t s  w i t h i n  t h e  
a sh ing  chambers was a l t e r n a t e d  every  24 hours  t o  expose each  boa t  t o  
approximately t h e  same amount of exhaust  gases .  About 10 days were 
r equ i r ed  t o  ach ieve  complete ox ida t i on  of t h e  o rgan i c  m a t t e r .  Four samples 
(12 boa t s )  were s imul taneous ly  ashed i n  one ash ing  machine and t h r e e  
machines were commonly opera ted  cont inuous ly .  

The percen tage  of minera l  m a t t e r  (% LTA) was determined from t h e  r a t i o  of 
t h e  lowest  measured weight t o  t h e  i n i t i a l  (dry)  weight ;  t h e  percen tage  of 
weight l o s s  (100 - % LTA) i s  t h e  percen tage  of o rgan i c  ma t t e r  i n  t h e  sample. 
The minera l  ma t t e r  determined by t h i s  procedure i s  n o t  c o r r e c t e d  f o r :  
(1) p o s s i b l e  minute amounts of s u l f u r  t h a t  might be f i x e d  i n  t h e  LTA r e s i d u e  
de r ived  from t h e  o rgan i c  s u l f u r  i n  t h e  coa l ;  (2)  p o s s i b l e  minute amounts 
of unburned carbon; and (3) p o s s i b l e  abso rp t i on  of mois ture  by t h e  mine ra l s  
du r ing  t h e  weighing ope ra t i ons .  Each of t h e s e  sou rce s  of e r r o r  t ends  t o  
i n c r e a s e  t h e  measured amount of m ine ra l  m a t t e r ,  and we have n o t  determined 
t h e i r  a c t u a l  p r o p o r t i o n a l  amounts. Prev ious  r e s u l t s  of Gluskote r  e t  a l . ,  
1977; Ruch e t  a l . ,  1979; O'Gorman and Walker, 1972; and M i l l e r  and Given, 
1978,  based on s u b s t a n t i a l l y  t h e  same procedures  a s  used i n  t h i s  s t udy ,  
i n d i c a t e  t h a t  t h e s e  sources  of e r r o r  a r e  n e g l i g i b l y  sma l l  f o r  I l l i n o i s  and 
s i m i l a r  c o a l s .  



Q u a n t i t a t i v e  a n a l y s i s  of nonclay minera l s  was ob ta ined  by u s ing  s t anda rd  
graphs ( f i g .  B-1). These graphs were prepared from x-ray r e s u l t s  of  
v a r i o u s  mix tures  of pure  mine ra l s  found i n  I l l i n o i s  c o a l  mixed w i th  a  f i x e d  
amount of alumina a s  an i n t e r n a l  s t anda rd .  Twenty percen t  by weight of 
0.3pm Linde A alumina (A1203) was used a s  t h e  i n t e r n a l  s tandard .  A c l a y  
m a t r i x  was added t o  t h e s e  mix tures  t o  i n s u r e  t h a t  t h e  m a t r i x  m a t e r i a l s  
would be e s s e n t i a l l y  t h e  same a s  t h a t  i n  t h e  c o a l  der ived  samples. 
The procedures ,  based on t hose  descr ibed  by Ward (1977) and R u s s e l l  and 
Rimmer (1979),  a r e  a s  fo l lows:  

P r e c i s e l y  0.04 g of N 2 O 3  is  added t o  0.20 g of LTA (o r  t o  s t anda rd  mix ture  
i f  s t anda rd  curves  a r e  t o  be c o n s t r u c t e d ) .  This  mix ture  i s  ground by hand 
i n  99 pe rcen t  e t h a n o l  i n  a  m u l l i t e  mortar  w i th  p e s t l e  f o r  about 15 t o  20 
minutes  u n t i l  t h e  i n d i v i d u a l  g r a i n s  become i n v i s i b l e  t o  naked eye ( f r e e  of 
g r i t ,  f e e l  between t h e  f i n g e r s ) ,  Af t e r  t h e  sample i s  ground i t  i s  oven 
d r i e d  a t  about 3 5 O ~  t o  avoid mois ture  i n  open a i r .  

The d ry  sample i s  s l i g h t l y  reground and t h r e e  subsamples a r e  prepared,  each 
mounted i n  a  c a v i t y  powder mount c o n s i s t i n g  of a  r e c t a n g u l a r  aluminum p l a t e  
of 2  mm t h i cknes s  wi th  a  r e c t a n g u l a r  opening and a  g l a s s  s l i d e  backing.  
The aluminum p l a t e  i s  p laced  on t h e  g l a s s  s l i d e  and t h e  powdered sample i s  
p laced  i n  t h e  opening w i th  a  minimum of packing,  A second g l a s s  s l i d e  i s  
lowered on to  t h e  powder f i l l e d  c a v i t y ,  The mount i s  t h e n  i n v e r t e d  and t h e  
f i r s t  g l a s s  s l i d e  l i f t e d  d i r e c t l y  o f f  t h e  aluminum p l a t e  wi thout  s l i d i n g  
i t  a c r o s s  t h e  sample s u r f a c e .  A mount p rope r ly  prepared w i l l  have a  smooth 
and dense ly  packed s u r f a c e .  The subsamples a r e  then  run by x-ray d i f f r a c -  
t i o n ,  one run from 2028 t o  60028 and two from 19O28 

Pyrite (%) 
1 b 2'0 3'0 

Calcite (%) 

t o  about 40°28. The 

Quartz (%) ISGS 1982 

FIGURE B -  1. X-ray diffraction calibration graphs used to convert the observed intensity ratio, the intensity of the mineral/inten- 
sity of internal standard, to the percentage of the mineral in the sample. The dashed lines indicate the uncertainty of the determined 
percent. The root mean square (rms) error times 2, and the correlation coefficient (r) are indicated. 



d i f f r ac tog ram genera ted  from t h e  f i r s t  run  i s  used f o r  complete q u a l i t a t i v e  
a n a l y s i s  of m ine ra l s  p r e sen t  i n  t h e  sample. A l l  t h r e e  d i f f r ac tog rams  a r e  
used f o r  t h e  q u a n t i t a t i v e  a n a l y s i s  of qua r t z ,  c a l c i t e ,  and p y r i t e .  A 
scanning speed of 20jmin was used f o r  each run i n  t h i s  s tudy .  Range and 
t i m e  cons t an t  were kep t  a t  500 counts  and 5 seconds,  r e s p e c t i v e l y ,  excep t  
f o r  those  samples whose h igh  i n t e n s i t i e s  n e c e s s i t a t e d  t h e  u s e  of h ighe r  
ranges  and smal l  t ime  c o n s t a n t s .  

The fo l lowing  peaks a r e  used f o r  c o n s t r u c t i o n  of s t anda rd  curves  and 
measurement of unknowns: (101) q u a r t z  a t  3.34 A; (104) c a l c i t e  a t  3.04 A; 
(200) p y r i t e  a t  2.71 A; and (104) A1203 a t  2.56 A .  Areas of t h e s e  peaks 
a r e  determined f o r  each s t anda rd  and unknown. Peak a r e a s  a r e  ob t a ined  by 
mu l t i p ly ing  t h e  he igh t  of t h e  peak above t h e  base  l i n e  t imes  t h e  width of 
t h e  peak a t  h a l f  t h e  h e i g h t .  I n  o rde r  t o  c o n s t r u c t  s t anda rd  curves  t h e  
average  peak a r e a s  of t h r e e  runs  f o r  each mine ra l  a r e  d iv ided  by t h a t  of 
i n t e r n a l  s tandard  (A1203). These r a t i o s  and t h e i r  corresponding percen tage  
mine ra l  weights  a r e  then  p l o t t e d  on an I n t e n s i t y  ( I  = t h e  peak a r e a  of 
m i n e r a l / t h e  peak a r e a  of t h e  i n t e r n a l  s tandard)  v e r s u s  % mine ra l  graph 
( f i g .  B - 1 ) .  

The peak a r e a  r a t i o s  of unknowns a r e  determined i n  t h e  same way a s  t hose  
of s t anda rds .  These c a l c u l a t e d  peak a r e a  r a t i o s  f o r  t h e  samples analyzed 
a r e  then  l o c a t e d  on t h e  y  a x i s  of t h e  proper  s tandard  curve  and cor responding  
percen tages  of m i n e r a l s  a r e  read  from t h e  x a x i s .  

The method used f o r  q u a n t i t a t i v e  x-ray d i f f r a c t i o n  (XRD) a n a l y s i s  of c l a y  
mine ra l s  i s  s i m i l a r  t o  t h a t  of R u s s e l l  and R i m m e r  (1979) w i th  some minor 
changes.  The procedure used f o r  t h i s  s tudy  i s  o u t l i n e d  h e r e  and t h e n  
desc r ibed  i n  more d e t a i l .  

1. Wash 0.2 t o  1.5 g  sample i n  -80 m l  d i s t i l l e d  H20 
Cen t r i fuge  and decan t  l i q u i d  (ko remove soluble i ons )  

2. Warm i n  -50 m l  5% a c e t i c  a c i d  f o r  2  h r s  
Centrifuge-rdecant l i q u i d  ( t o  remove carbonates and acid soluble Fe 
compounds) 

3. Heat t o  70' t o  8 0 ' ~  i n  a s o l u t i o n  of 
40 m l  0.3M Na-c i t r a t e  and 5 m l  1 M  Na-bicarbonate 

Add 1 g NaHSO, 3 t imes  a t  15-min i n t e r v a l s  ( t o  reduce ~ e ~ +  
t o  ~ e ~ + )  
Centr i fuge+decant  l i q u i d  ( t o  remove 8'e2+ and excess ~ a + )  

4. Wash i n  50 t o  60 m l  d i s t i l l e d  wate r  two o r  t h r e e  t i m e s  
( t o  disperse the clays and ag i ta te )  

5. Le t  t h e  suspensions s e t t l e  f o r  21 minutes  
Remove t h e  t op  0.5  cm of suspens ion  w i th  p i p e t t e  and d e p o s i t  on t o  
a  ceramic s l i d e  under vacuum 
A i r  d ry  t h e  s l i d e s  



he s l i d e  over  l i q u i d  g l y c o l  i n  a c lo sed  j a r  f o r  48 hours  

7 .  Run XRD of  t h e  s l i d e  from 2 t o  35'28 

8, Heat t h e  s l i d e  a t  375°C f o r  1 h r  i n  an  oven 

9. Run XRD of  t h e  s l i d e  from 2 t o  35O28 

S tep  1: A s m a l l  amount of  LTA (0.2-1.5 g) i s  added t o  80 m l  d i s t i l l e d  
water  and thoroughly a g i t a t e d  i n  a 100 m l  beaker .  The suspensions a r e  
cen t r i f uged  and t h e  supe rna t an t  i s  decanted t o  remove wate r  s o l u b l e  i ons .  

S t e p  2: The sample is  p laced  i n  approximately 50 m l  of 5 percen t  a c e t i c  
a c i d  and warmed ( a t  about  35-45O~) f o r  two hours .  A f t e r  t h e  sample c o o l s  
i t  is  c e n t r i f u g e d  aga in  and t h e  c l e a r  l i q u i d  on t o p  i s  decanted t o  remove 
carbona tes  and a c i d  s o l u b l e  i r o n  compounds. 

S t e p  3: A s o l u t i o n  con t a in ing  40 m l  0.3M sodium c i t r a t e  (Na3C6H507H20) and 
5 m l  1 M  sodium b i ca rbona t e  (NaHC03) i s  added t o  each sample. Th i s  mix ture  
of s o l u t i o n  and sample i s  heated t o  70 t o  80°C a f t e r  which 1 g of sodium 
d i t h o n i t e  (Na2S204) is  added t o  it t h r e e  t imes a t  15-minute i n t e r v a l s  
and s t i r r e d  w i t h  a g l a s s  rod a f t e r  each a d d i t i o n .  The samples a r e  kep t  
hea ted  w h i l e  sodium d i t h o n i t e  i s  added, Sodium d i t h o n i t e  reduces  f e r r i c  
i r o n  ( ~ e ~ + )  t o  f e r r o u s  i r o n  ( ~ e ~ + )  i n  a b a s i c  o r  n e u t r a l  system (no t  i n  
a c i d  system),  which is  maintained by t h e  a d d i t i o n  of a b u f f e r ,  sodium 
b i ca rbona t e  i n  t h i s  c a se ,  The r o l e  of sodium c i t r a t e  i s  t o  hold reduced 
i r o n  i n  suspens ion  by forming an organo-metal l ic  complex w i th  i t  and t h u s  
t o  p revent  t h e  p r e c i p i t a t i o n  of  i r o n  s u l f i d e  ( ~ a c k s o n ,  1975). Af t e r  
coo l ing  and c e n t r i f u g i n g  t h e  samples t h e  supe rna t an t  is decanted t o  remove 
reduced i r o n  ( ~ e + ~ )  and excess  ~a ' .  

S tep  4: The samples a r e  washed twice  o r  t h r e e  t imes i n  d i s t i l l e d  wate r  t o  
d i s p e r s e  t h e  c l a y s .  A t  t h e  f i n a l  washing, t h e  samples a r e  thoroughly 
a g i t a t e d  i n  about  50 t o  60 m l  d i s t i l l e d  wate r  i n  a 100 m l  beaker .  This  
suspension i s  allowed t o  se t t le  f o r  21 minutes ,  t h e  t ime needed f o r  2pm c l a y  
p a r t i c l e s  t o  s e t t l e  from t h e  top  0.5 cm of t h e  suspension.  

S t e p  5: F i n a l l y ,  t h e  <2pm f r a c t i o n  i s  removed wi th  a p i p e t  and sedimented 
on to  a ceramic s l i d e  which i s  p laced  h o r i z o n t a l l y  on top  of  a b o t t l e  t h a t  
i s  under a s l i g h t  vacuum so as t o  depos i t  t h e  c l a y  on t h e  s l i d e  w i t h i n  
one minute ,  S l i d e s  a r e  then  allowed t o  a i r  d r y  completely  over  n i g h t .  The 
ceramic s l i d e s  p rov ide  f a i r l y  good o r i e n t a t i o n  and good r e p r o d u c i b i l i t y .  

The c l a y  s l i d e s  a r e  s o l v a t e d  wi th  e t h y l e n e  g l y c o l  f o r  48 hours  a f t e r  which 
time they  a r e  scanned by x-ray d i f f r a c t i o n  a t  2028/min scanning speed over  
t h e  r eg ion  2°20-35020. Range and t ime c o n s t a n t s  were kept  a t  1000 coun t s  
and 2 seconds,  r e s p e c t i v e l y ,  except  f o r  t hose  samples whose h igh  i n t e n s i t i e s  



r equ i r ed  t h e  u s e  of h ighe r  ranges  and sma l l e r  t ime  c o n s t a n t s .  A f t e r  
t h i s  e thy l ene  g l y c o l  run ,  t h e  s l i d e s  a r e  allowed t o  a i r  d r y  over  n i g h t  
Dry s l i d e s  are then hea ted  t o  3 7 5 O ~  i n  an  oven f o r  1 t o  2  hours ,  a f t e r  which 
t ime they a r e  scanned a g a i n  i n  t h e  same manner, 

A method developed by G r i f f i n  (1971), and modified by Ward (1977) was used 
f o r  t h e  computations.  Assumptions made i n  t h i s  method a r e :  (1) c l a y  
mine ra l s  comprise 100 percen t  of t h e  sample; (2) r e f r a c t i n g  a b i l i t y  of 
c l a y  mine ra l s  i s  cons t an t ,  a l though  i t  is known t h a t  r e f r a c t i n g  a b i l i t y  
v a r i e s  somewhat accord ing  t o  t h e  c l a y  minera l  composition, g r a i n  s i z e ,  and 
degree  of c r y s t a l l i n i t y .  S ince  g r a i n  s i z e  e f f e c t  i s  l a r g e l y  e l im ina t ed ,  
peak h e i g h t s  i n s t e a d  of peak a r e a s  a r e  used f o r  c l a y  mine ra l  a n a l y s i s .  
Another reason  f o r  u s ing  peak h e i g h t s  r a t h e r  t han  peak a r e a s  i s  t h a t  t h e  
broad d i f f r a c t i o n  band of  t h e  x-ray p a t t e r n s  of e thy l ene  g l y c o l  so lva t ed  
s l i d e s  between 10 and 17 A (angstroms) c r e a t e s  d i f f i c u l t y  i n  e s t i m a t i n g  
t h e  peak widths .  The formulas  used t o  c a l c u l a t e  t h e  r e l a t i v e  amounts of 
c l a y  mine ra l s  ( k a o l i n i t e ,  c h l o r i t e ,  i l l i t e ,  and expandables) a r e  de r ived  
a s  fo l lows:  

A l l  expandables c o l l a p s e  t o  a  d-spacing of  10 A, equa l  t o  t h a t  of i l l i t e  
a f t e r  h e a t i n g  t o  3 7 5 ' ~  f o r  1 t o  2  hours .  Therefore ,  t h e  peak i n t e n s i t i e s  . 
a f t e r  h e a t i n g  w i l l  r e f l e c t  t h e  presence  of on ly  i l l i t e ,  c h l o r i t e ,  and 
k a o l i n i t e  ( i . e . ,  % k a o l i n i t e  + % c h l o r i t e  + "% i l l i t e f t  = 100%). The peaks 
used t o  compute pe rcen t  ( k a o l i n i t e  f c h l o r i t e )  i n  t o t a l  c l a y  a r e  t h e  (001) 
r e f l e c t i o n  of k a o l i n i t e  and (002) r e f l e c t i o n  of  c h l o r i t e ,  both a t  7.15 A.  
To compute t h e  percen tage  of " i l l i t e f t  i t s  (001) r e f l e c t i o n  on t h e  hea ted  
s l i d e  a t  10 A is used. G r i f f i n  (1971) i n d i c a t e s  t h a t  a  s t r u c t u r e  f a c t o r  
of 2.5 can be  used t o  conver t  7 A peak i n t e n s i t i e s  of k a o l i n i t e  and c h l o r i t e  
t o  an equ iva l en t  10 A i n t e n s i t y  of i l l i t e ;  and he proposed t h e  fo l lowing  
r e l a t i o n  between t h e  p ropo r t i ons  of k a o l i n i t e  and c h l o r i t e  and i l l i t e :  

7  ~ h 1 2 . 5  
% 'K+C) = 7 Ah/2.5 + 10 Ah 

x 100, where h  r e f e r s  t o  hea ted  s l i d e s  . 

I n  t h i s  and t h e  fo l lowing  equa t i ons ,  t h e  numeric v a l u e  preced ing  t h e  
A (angstrom) s t a n d s  f o r  t h e  peak i n t e n s i t y  on t h e  d i f f r ac tog ram 
corresponding t o  t h a t  peak (e .g . ,  7A s t a n d s  f o r  t h e  i n t e n s i t y  of t h e  
7-angstrom peak) .  

I f  bo th  c h l o r i t e  and k a o l i n i t e  a r e  p r e s e n t  t h e  (002) r e f l e c t i o n  of k a o l i n i t e  
a t  3.59 A and (004) r e f l e c t i o n  of c h l o r i t e  a t  3.54 A a r e  used t o  determine 
t h e i r  r e l a t i v e  amounts. The i n t e n s i t i e s  o f . t h e s e  two peaks a r e  t aken  t o  be  
p r o p o r t i o n a l  t o  t h e  r e l a t i v e  abundance of t h e s e  two c l a y  mine ra l s .  

The percen tage  of k a o l i n i t e  (%K) and t h e  percen tage  of c h l o r i t e  (%C) a r e  
t h u s  c a l c u l a t e d  by t h e  equa t i ons  



Since  bo th  i l l i t e  and expandables add t o  t h e  10 A peak i n  hea ted  s l i d e s  
t h e i r  t o t a l  percen tage ,  % (I+Exp), i s  given by 

When t h e  s l i d e s  a r e  s o l v a t e d  w i th  e thy l ene  g l y c o l  t h e  10 A peak i s  
r e p r e s e n t a t i v e  of  on ly  i l l i t e ,  i . e . ,  10 Ah = (1+Exp) whi le  10 Ag = I, 
where g r e f e r s  t o  g l y c o l  so lva t ed  s l i d e .  Percen tage  i l l i t e  ( % I )  and 
percen tage  expandables  ( % ~ x p )  a r e  t h e n  g iven  by t h e  equa t i ons  

The term 7 Ag i n  t h e  above equa t i on  is i d e a l l y  equa l  t o  u n i t y  s i n c e  t h e  
i n t e n s i t y  of 7 A peak i s  n o t  a l t e r e d  by e i t h e r  t h e  h e a t  o r  g l y c o l  t r e a tmen t .  
It i s  inc luded  h e r e  t o  check f l u c t u a t i o n s  caused by ope ra t i ng  cond i t i ons .  
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