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ERRATA 

Geochemical Proper t ies  of Coal Wastes and the Toxicological Effec ts  
on Aquatic Life ,  Roy e t  a1 . , I1 1 inoi s  S t a t e  Geological Survey 
Environmental Geol ogy Notes 107, 1984. 

Page 2 ,  paragraph 1 ,  l i n e s  13 and 14 - For "These acute ly  tox ic ,  
sublethal concentrat ions " read "These acute ly  nontoxic, 
sublethal concentrat ions".  

Page 79,  paragraph 2 ,  l i n e  2 - For "(an  acute ly  tox ic ,  sublethal  
concentra t ion)"  read "an acute ly  nontoxic, su bl ethal  
concentra t ion)" .  

Page 85, paragraph 3 ,  l i n e  5 - For "acutely tox ic ,  sublethal  
concentrat ions" read "acutely nontoxic, sublethal  
concentrat ions".  
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Leacha tes  from s o l i d  was tes  genera ted  by c o a l  mining,  c l e a n i n g ,  and 
g a s i f i c a t i o n  a r e  p o t e n t i a l l y  harmful  t o  t h e  environment.  The t o x i c o l o g -  
i c a l  e f f e c t s  of l e a c h a t e s  on a q u a t i c  organisms have n o t  been a d e q u a t e l y  
a s s e s s e d ,  I n  t h i s  i n v e s t i g a t i o n ,  samples of seven c o a l - r e l a t e d  was tes  
were c h a r a c t e r i z e d  chemica l ly  and m i n e r a l o g i c a l l y ,  Labora to ry  e x t r a c t s  
of each sample,  ob ta ined  by a  v a r i e t y  of e x t r a c t i o n  methods, were used 
i n  bo th  a c u t e  and c h r o n i c  b i o a s s a y s .  

A c o a l  s l u r r y  sample ( c o a r s e  f r a c t i o n )  and two samples of c o a l  c l e a n i n g  
r e f u s e  were chemica l ly  and m i n e r a l o g i c a l l y  s i m i l a r ;  they g e n e r a t e d  
a c i d i c  water-waste sys tems,  both  i n  t h e  l a b o r a t o r y  and i n  t h e  f i e l d .  
Ac id ic  l a b o r a t o r y  e x t r a c t s  and f i e l d  samples of a c i d  mine d r a i n a g e ,  
c o l l e c t e d  from t h e  same a r e a  a s  t h e  s o l i d  samples ,  tended t o  be i n  
e q u i l i b r i u m  w i t h  some t y p e  of ca lc ium s u l f a t e  (CaS04) phase and w i t h  
maghemite. The chemical composi t ion of t h e  e x t r a c t s  was s e n s i t i v e  t o  
t h e  method used t o  g e n e r a t e  t h e  e x t r a c t s ,  bu t  g e n e r a l l y  had t h e  same 
p r e v a l e n t  chemical  c h a r a c t e r  a s  t h e  f i e l d  samples.  A c i d i c  was tes  
c o n t a i n  a p p r e c i a b l e  q u a n t i t i e s  of s o l u b l e  A l ,  Mn, N i ,  SO4, and Zn, a s  
i n d i c a t e d  by both  l a b o r a t o r y  e x t r a c t i o n  and f i e l d  d a t a o  Long-term 
e q u i l i b r a t i o n s  s u g g e s t  t h a t  A l ,  Fe,  and SO4 con t inued  t o  be r e l e a s e d  by 
t h e  a c i d i c  w a s t e s  a f t e r  22 weeks, a l though  no a s s o c i a t e d  change i n  pH 
was a p p a r e n t .  

Two mine s p o i l  samples ,  e s s e n t i a l l y  s h a l e ,  tended t o  g e n e r a t e  water-  
was te  systems t h a t  were n e u t r a l  i n  pH; consequen t ly ,  they  r e l e a s e d  lower  
q u a n t i t i e s  of p o t e n t i a l  p o l l u t a n t s  than  t h e  a c i d i c  w a s t e s ,  The g a s i f i -  
c a t i o n  r e s i d u e  was compos i t iona l ly  s i m i l a r  t o  c o a l - f i r e d  power p l a n t  
s l a g  and f l y  ash ;  i t  genera ted  moderate ly  a l k a l i n e  e x t r a c t s  w i t h  low 
c o n c e n t r a t i o n s  of s o l u b l e ,  p o t e n t i a l l y  t o x i c  c o n s t i t u e n t s .  

A 1 1  s o l i d  was tes  con ta ined  a  v a r i e t y  of o r g a n i c  compounds; many a r e  on 
t h e  EPA P r i o r i t y  P o l l u t a n t  L i s t ;  however, t h e s e  compounds were essen-  
t i a l l y  i n s o l u b l e  i n  aqueous media, 

Each e x t r a c t  was t e s t e d  f o r  a c u t e  t o x i c i t y  w i t h  f o u r  s p e c i e s  of f r e s h -  
w a t e r  a q u a t i c  organisms;  t h e  g reen  s u n f i s h  (Lepomis c y a n e l l u s ) ,  t h e  
f a t h e a d  minnow (Pimephales promelas) ,  a  c r u s t a c e a n  ( ~ a p h n i a  magna), and 
a  s n a i l  (Physa a n a t i n a ) .  The e x t r a c t s  of t h e  two mine s p o i l  samples and 
of t h e  g a s i f i c a t i o n  r e s i d u e  were not  t o x i c  t o  any of t h e  organisms; 
whereas t h e  e x t r a c t s  from t h e  a c i d i c  r e f u s e  and s l u r r y  samples were 
a c u t e l y  t o x i c  t o  a l l  t h e  organisms,  For  a l l  c a s e s ,  DH was s i g n i f i c a n t l y  
c o r r e l a t e d  t o  m o r t a l i t y ;  A l ,  Fe ,  Mn, N i ,  and Zn were s i g n i f i c a n t l y  
c o r r e l a t e d  t o  m o r t a l i t y  on ly  i n  s p e c i f i c  i n s t a n c e s .  Data from 96-hour 
LC-50 d e t e r m i n a t i o n s  showed t h a t  d i l u t i o n s  up t o  1:1000 were n e c e s s a r y  
t o  e l i m i n a t e  m o r t a l i t y .  The most t o x i c  e x t r a c t s  were t h o s e  w i t h  t h e  
lowest  pH, which n e c e s s i t a t e d  t h e  l a r g e s t  amounts of d i l u t i o n  t o  
e l i m i n a t e  m o r t a l i t y .  



Chronic b ioassays ,  us ing  t h e  same organisms, were i n v e s t i g a t e d  wi th  
l e a c h a t e  samples from a r e l a t i v e l y  unweathered r e f u s e  and an o l d e r ,  more 
weathered r e fu se .  Leachate from the  weathered r e f u s e  was not  a c u t e l y  
t o x i c ;  organisms exposed t o  d i l u t i o n s  of t h i s  l e a c h a t e  showed no d e t r i -  
mental  ch ron i c  e f f e c t s .  The unweathered r e f u s e  generated an a c u t e l y  
t o x i c  l e a c h a t e ,  Low concen t r a t i ons  of t h e  a c u t e l y  t o x i c  l e a c h a t e  
lowered h a t c h a b i l i t y  f o r  t h e  Lepomis cyane l lus  and Pimephales promelas 
eggs,  reduced weight ga in  f o r  Physa, and w i th  chronic  exposure ,  i n -  
c reased  t he  dea th  r a t e  f o r  Lepomis cyane l l u s ,  Daphnia, and Physa. 
D i l u t i o n s  of a t o x i c ,  high-iron l e a c h a t e  r e s u l t e d  i n  t h e  p r e c i p i t a t i o n  
of f e r r i c  hydroxide t h a t  was impl ica ted  a s  t h e  major f a c t o r  account ing 
f o r  t h e  p h y s i c a l  and phys io log i ca l  t o x i c  e f f e c t s  e x h i b i t e d  by a l l  t e s t  
organisms dur ing  t h e  ch ron i c  experiments when exposed t o  t h e s e  a c u t e l y  
t o x i c ,  s u b l e t h a l  concen t r a t i ons ,  The t o x i c i t y  of t h i s  l e acha t e  demon- 
s t r a t e s  t he  de t r imen ta l  e f f e c t s  t h a t  t h i s  type of waste  could have on 
t h e  a q u a t i c  ecosystem, i f  i t  en te red  a r ece iv ing  water  i n  a n a t u r a l  
s e t t i n g ,  

During t h e  l a t e  1970s, sho r t ages  of n a t u r a l  gas ,  f u e l  o i l ,  and g a s o l i n e  
d r ama t i ca l l y  demonstrated t he  need f o r  e l e c t r i c  u t i l i t i e s  t o  i n c r e a s e  
t h e i r  use  of coa l .  P r ed i c t i ons  vary,  but t h e  Nat iona l  Coal Assoc i a t i on  
f o r e c a s t e d  an i n c r e a s e  i n  coa l  usage from 787 m i l l i o n  m e t r i c  tons  i n  
1976 t o  approximately l e 5  b i l l i o n  m e t r i c  tons  by 1985. I nc rea s ing  t h e  
use  of coa l  i n c r e a s e s  t h e  product ion of coa l  wastes .  Pa s t  and cu r r en t  
mining techniques  have produced va r ious  types  of coa l  s o l i d  wastes  t h a t  
a r e  p o t e n t i a l l y  harmful t o  t h e  environment. Coal convers ion v i a  g a s i f i -  
c a t i o n  and l i q u e f a c t i o n  a l s o  produce s o l i d  wastes  t h a t  pose environmen- 
t a l  problems, The Energy and Research Development Adminis t ra t ion  (1977) 
concluded t h a t  c o a l  s o l i d  wastes  could c r e a t e  s u b s t a n t i a l  l e ach ing  and 
r e v e g e t a t i o n  problems. Abandoned mine s p o i l  banks and coa l  p r epa ra t i on  
was tes  pose s i m i l a r  problems (Beyer and Hutnik,  1969; Mason, 1978).  The 
Southern I l l i n o i s  Un ive r s i t y  W i l d l i f e  Research Study Group of Klimstra  
and o t h e r s  has  def ined  6,500 a c r e s  of abandoned p r e p a r a t i o n  wastes  o r  
"gob" and 4,300 a c r e s  of s l u r r y  i n  I l l i n o i s  a lone .  The impact on t he  
a q u a t i c  environment of l e a c h a t e s  from surface-mine s p o i l  banks and of 
s o l i d  wastes  generated dur ing  c o a l  c l ean ing  and s y n t h e t i c  f u e l  produc- 
t i o n  ha s  no t  been adequa te ly  assessed .  

This  i n v e s t i g a t i o n  comprises i n t e r r e l a t e d  phys i ca l ,  chemical,  and bio- 
l o g i c a l  ana ly se s  f o r  a broad-based eva lua t i on .  The a n a l y t i c a l  s y n t h e s i s  
of t he  d a t a  from t h i s  i n v e s t i g a t i o n  w i l l  a i d  c o n t r o l  technology and 
rec lamat ion  development, It w i l l  a l s o  provide a b a s i s  f o r  determining 
t h e  p o t e n t i a l  degree-of- toxici ty  of t he se  wastes  a s  r equ i r ed  by PL 95- 
87 ,  t h e  Sur face  Mine Cont ro l  and Reclamation Act (SMCRA of 1977),  

Much in format ion  has r e c e n t l y  become a v a i l a b l e  f o r  developing f i s h  and 
w i l d l i f e  management of reclaimed s u r f a c e  mines (Cai rns ,  1978).  However, 



t o  maximize t h e  b e n e f i t s  and minimize t h e  a d v e r s e  e f f e c t s  of mining and 
r e c l a m a t i o n  t e c h n o l o g i e s ,  i t  i s  e s s e n t i a l  t o  t e s t  t h e  t o x i c i t y  of 
l e a c h a t e s  produced from abandoned s p o i l  banks,  Unreclaimed s p o i l  hanks 
abandoned b e f o r e  t h e  passage  of t h e  S u r f a c e  Mining C o n t r o l  and 
Reclamat ion Act of 1977 (PL 95-87) p r e s e n t  a p o t e n t i a l  p o l l u t i o n  haza rd  
t o  our  w a t e r  r e s o u r c e s  (Hood e t  a l e ,  1979).  

Another  r e c l a m a t i o n  problem a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  u s e  of c o a l  i s  
t h e  p r o p e r  d i s p o s a l  of s o l i d  w a s t e s  from c o a l  convers ion  and c o a l  
c l e a n i n g  p r o c e s s e s ,  The s o l i d  w a s t e s  from c o a l  l i q u e f a c t i o n  and c o a l  
g a s i f i c a t i o n  w i l l  p robab ly  be  r e d e p o s i t e d  on s i t e  where t h e  c o a l  was 
mined o r  i n  l a n d f i l l s  ( T a l t y ,  1978). The volume of s o l i d  w a s t e s  pro- 
duced f rom c o a l  c o n v e r s i o n  is  enormous. One e s t i m a t e  ( S a t h e r  e t  a l e ,  
1975) i s  t h a t  a  commercial g a s i f i c a t i o n  p l a n t  (250 m i l l i o n  f t 3  of 
g a s / d a y )  w i l l  g e n e r a t e  2.3 m i l l i o n  tons  of a s h  and d r y  r e f u s e  p e r  
y e a r .  A d d i t i o n a l  e s t i m a t e s  (Seay,  1972; Asbury and Hoglund, 1974) 
p r e d i c t  t h a t  a  s i n g l e  g a s i f i c a t i o n  p l a n t  w i l l  g e n e r a t e  625 a c r e  f e e t  of 
r e s i d u e  p e r  y e a r .  T h i s  huge volume of m a t e r i a l s ,  P ike  t h e  thousands  of 
a c r e s  of s p o i l  banks and c o a l  c l e a n i n g  r e f u s e  p i l e s ,  a r e  s u b j e c t  t o  
l e a c h i n g ;  t h e  e f f e c t  of t h e s e  l e a c h a t e s  on t h e  a q u a t i c  environment has 
n o t  been a d e q u a t e l y  a s s e s s e d .  

The p o t e n t i a l  env i ronmenta l  haza rd  of c o a l  s o l i d  w a s t e s  l i e s  i n  t h e  
r e l a t i v e l y  l a r g e  c o n c e n t r a t i o n s  of a c c e s s o r y  e lements  and t h e  p o s s i b l e  
f o r m a t i o n  of a c i d  from p y r i t i c  m i n e r a l s .  It  i s  w e l l  known t h a t  i r o n  
s u l f a t e s  and a c i d s  a r e  produced from t h e  o x i d a t i o n  of p y r i t c  m i n e r a l s  i n  
c o a l  s o l i d  w a s t e s  exposed t o  a i r  ( S i n g e r  and Stumm, 1969; Smith e t  a l e ,  
1968; and Jones  and Rugger i ,  1969).  Sun e t  a l e  (1978) and S tone  and 
Kahle (1977) conducted l e a c h i n g  s t u d i e s  on was tes  from f l u i d i z e d - b e d  
g a s i f i e r s ,  hu t  most work was done w i t h  w a s t e s  o t h e r  t h a n  t h o s e  from c o a l  
convers ion  p r o c e s s e s  producing s y n t h e t i c  f u e l s .  Wewerka e t  a l .  (1978) 
have done e x t e n s i v e  Peaching s t u d i e s  on bulk  r e s i d u e  from t h e  I l l i n o i s  
Basin .  G r i f f i n  e t  a l e  (1978) found t h a t  31 t o  60 chemical  c o n s t i t u e n t s  
measured i n  L u r g i  g a s i f i c a t i o n  and H-coal l i q u e f a c t i o n  w a s t e s  p r e s e n t e d  
a  p o t e n t i a l  haza rd ;  16 of t h e s e  c o n s t i t u e n t s  exceeded f e d e r a l  water-  
q u a l i t y  s t a n d a r d s  i n  e q u i l i b r a t e d  s o l u t i o n s  w i t h  pHs r a n g i n g  from 3 t o  
8. I n  a d d i t i o n ,  o t h e r  s t u d i e s  ( ~ u b i n  e t  a l . ,  1976; Herbes and 
Beauchamp, 1977; Hi ldebrand e t  a l . ,  1977; S c h u l t z  e t  a l e ,  1978; and 
Southworth e t  a l . ,  1978) have sugges ted  t h a t  s e l e c t e d  i n o r g a n i c  and 
o r g a n i c  compounds, such a s  r e s o r c i n o l  and 6-methyl q u i n o l i n e  a s s o c i a t e d  
w i t h  s y n t h e t i c  f u e l  e f f l u e n t s ,  a r e  t o x i c .  Other  workers  have found 
s i m i l a r  r e s u l t s  w i t h  f l y  a s h e s  from c o a l  combustion (Vaugham e t  a l e ,  
1975; Cherry e t  a l e ,  1976; and B i r g e ,  1978),  

The 1977 Execu t ive  Summary f o r  t h e  E a s t e r n  Energy and Land Use Group 
i d e n t i f i e d  spoil-bank l e a c h i n g  a s  having a  major impact on t h e  
environment (Mason, 1978) ,  Some env i ronmenta l  h a z a r d s  r e l a t e d  t o  
s u r f a c e  mining have been w e l l  documented (Curry and Fowler,  1978);  b e s t  
known a r e  a c i d  p r o d u c t i o n  and s e d i m e n t a t i o n  and t h e i r  e f f e c t s  on a q u a t i c  
organisms ( J o n e s ,  1964; Pa rsons ,  1968; Roback and Richardson,  1969; 



Archiba ld  and G e n t i l e ,  1971; D i l l s  and Rogers,  1974; H e r r i c k s  and 
C a i r n s ,  1974; P r e s t o n ,  1978; O r c i a r i  and Hummon, 1975; M a t l e r  e t  a l . ,  
1978; Winger, 1978; and many o t h e r s ) .  B e l l  (1971) s u b j e c t e d  t y p i c a l  
a q u a t i c  s t r e a m  i n s e c t s  t o  v a r i o u s  a c i d i c  c o n d i t i o n s  and demonstra ted t h e  
d e t r i m e n t a l  e f f e c t s  of low pH, Ca i rns  e t  a l .  (1971) demonstrated t h a t  
b e n t h i c  communities were reduced when a  s m a l l  p o r t i o n  of a  mountain 
s t r e a m  was s u b j e c t e d  t o  a c u t e  a c i d i c  s t r e s s .  Repper t  (1964) 
demonstra ted w i t h  f i s h  c u l t u r e s  how t o x i c i t y  t e s t s  could  d e l i n e a t e  t h e  
s e v e r i t y  of a c i d  mine d r a i n a g e ,  However, few s t u d i e s  have i n v e s t i g a t e d  
t h e  chemical  p r o p e r t i e s  of spoil-bank l e a c h a t e s  (Beyer and Hutnik ,  1969; 
and B a r n h i s e l  and Rotromel,  1974);  no b i o a s s a y s  of spoil-bank l e a c h a t e s  
have been conducted; and l i t t l e  i s  known of t h e  c h r o n i c  e f f e c t s  from any 
of t h e  v a r i o u s  coal-was t e  l e a c h a t e s  , 

T o x i c i t y  t e s t s  o r  b i o a s s a y s  r e p r e s e n t  one of t h e  b e s t  approaches  f o r  
p r e d i c t i n g  t h e  e f f e c t s  of l and  d i s t u r b a n c e ,  mining r e l a t e d  was tes ,  o r  
c o a l  p r o c e s s i n g  and u t i l i z a t i o n  was tes  on a q u a t i c  l i f e  ( P r e s t o n ,  
1978). A f t e r  i t  is  determined w i t h  b i o a s s a y s  whether a  l e a c h a t e  o r  
l a b o r a t o r y  e x t r a c t  i s  t o x i c ,  t h e  physicschemical  c h a r a c t e r  of t h e  
l e a c h a t e  can be analyzed t o  i d e n t i f y  t h e  p o t e n t i a l  t o x i c  components of 
t h e  l e a c h a t e  and t o  a i d  t h e  development of c o n t r o l  technology and 
r e c l a m a t i o n  methodologies ,  

Seven was te  samples produced by c o a l  u t i l i z a t i o n  were c o l l e c t e d :  two 
samples of overburden 'or  mining s p o i l s ,  t h r e e  samples of c o a l  c l e a n i n g  
w a s t e s ,  one sample from a  d ry  s l u r r y  lagoon,  and one s o l i d  was te  by- 
product  from a  c o a l  g a s i f i c a t i o n  p l a n t ,  

The two samples of mining s p o i l s  were t a k e n  from a  mine o p e r a t e d  by t h e  
Amax Coal Company ( D e l t a  Mine) i n  Will iamson County i n  s o u t h e r n  
I l l i n o i s .  One sample,  DMNS, i s  a  composite of t h e  Lawson Shale  Member, 
a d a r k  'gray Pennsylvanian u n i t  s t r a t i g r a p h i c a l l y  l o c a t e d  above t h e  
H e r r i n  (No. 6 )  Coal Member; t h i s  s h a l e  i s  t h e  l a r g e s t  u n i t  of t h e  
overburden a t  t h e  mine. DMNS was c o l l e c t e d  from a  v e r t i c a l  s e c t i o n  a t  
t h e  s t r i p  mine, A t  t h e  same l o c a t i o n ,  a  second s p o i l  sample, DMOS, was 
t a k e n  from a roadcu t  made through an 18- t o  22-year o l d  s p o i l  mound, 
composed l a r g e l y  of t h e  Lawson Sha le .  

Samples of c o a l  c l e a n i n g  was tes  were t aken  from a  s t r i p  mine opera ted  by 
t h e  Peabody Coal Company (Wi l l  S c a r l e t t  Mine) i n  S a l i n e  County i n  
s o u t h e r n  I l l i n o i s .  One of t h e s e  (WSNG) was a  sample of f r e s h  c l e a n i n g  
was te  c o l l e c t e d  from an a c t i v e  p r e p a r a t i o n  p l a n t  p r o c e s s i n g  c o a l  from 
t h e  Davis-Dekoven seams a t  t h e  t ime of sampling,  A second r e f u s e  sample 
(WSOG) was c o l l e c t e d  a t  t h i s  mine from a  was te  p i l e  e s t i m a t e d  t o  be 



about  20 y e a r s  o l d .  A sample of t h e  m a t e r i a l  (wSSL) s l u r r i e d  t o  a  
s e t t l i n g  pond was a l s o  c o l l e c t e d  from t h e  same p r e p a r a t i o n  p l a n t  t h a t  
g e n e r a t e d  WSNG and WSOG. A t h i r d  r e f u s e  waste  (OBG) was c o l l e c t e d  from 
a  w a s t e  p i l e  i n  F r a n k l i n  County, I l l i n o i s ,  Th i s  p i l e  was approximately  
50 y e a r s  o l d  and was t h e  r e s u l t  of mining by s h a f t  methods, a c t i v i t i e s  
a s s o c i a t e d  w i t h  t h e  H e r r i n  Coal (Old Ben Mine No, 9 ) .  The s o u r c e  pre-  
p a r a t i o n  p l a n t  is  no l o n g e r  p r e s e n t ,  

From a  Ki lngas  (KG) deep-bed g a s i f i e r ,  19 l i t e r s  of s o l i d  was te  was 
s u p p l i e d  by Allis-Chalmers from t h e i r  p i l o t  p l a n t  i n  Milwaukee, 
Wisconsin.  S p e c i f i c a t i o n s  f o r  t h e  f u e l  used when t h e  was te  was gener- 
a t e d  could  no t  be ob ta ined  from t h i s  p r o p r i e t a r y  o p e r a t i o n ,  The Ki lngas  
p r o c e s s  i s  d e s c r i b e d  e l sewhere  ( I l l i n o i s  I n s t i t u t e  of N a t u r a l  Resources ,  
1979). 

C o l l e c t i n g  r e p r e s e n t a t i v e  samples from c o a l  r e f u s e  and s p o i l  p i l e s  would 
n o t  only  have been i m p r a c t i c a l ,  bu t  beyond t h e  scope of t h e  s t u d y .  
Moreover, procedures  have not  been e s t a b l i s h e d  f o r  t h e  c o l l e c t i o n  of 
r e p r e s e n t a t i v e  samples from was te  p i l e s ;  t h e r e f o r e ,  an e f f o r t  was made 
t o  c o l l e c t  a  25-kg sample from each waste  p i l e ,  v i s u a l l y  a v o i d i n g  
anomalous m a t e r i a l s ,  To d i v i d e  t h e  c o l l e c t e d  bulk  waste  samples i n t o  
r e p r e s e n t a t i v e  subsarnples was more impor tan t  than  t o  a t t empt  t o  c o l l e c t  
an i n i t i a l  sample r e p r e s e n t a t i v e  of t h e  e n t i r e  was te  p i l e .  

A l l  t h e  mining was tes  were f i r s t  a i r - d r i e d  and ground t o  pass  through a  
9.53-mm s i e v e ,  T h i s  s i z e d  m a t e r i a l  was then  subd iv ided  u s i n g  a sample 
s p l i t t e r  t o  produce a  s e r i e s  of r e p r e s e n t a t i v e  subsamples f o r  each 
was te .  Twelve subsamples from each  was te  were used f o r  t h e  s o l u b i l i t y  
s t u d i e s .  An a d d i t i o n a l  subsample f o r  each waste  was then  f u r t h e r  ground 
t o  p a s s  through a 0.25-mm s t a n d a r d  s i e v e  and s p l i t  t o  o b t a i n  r e p r e s e n t a -  
t i v e  samples f o r  chemical  and m i n e r a l o g i c a l  a n a l y s i s  of t h e  s o l i d  
w a s t e s .  The Ki lngas  s o l i d  r e s i d u e  used f o r  t h e  s o l u b i l i t y  s t u d i e s  was 
i n  p e l l e t  form, a s  r e c e i v e d  from t h e  p i l o t  p l a n t ,  The p e l l e t s  ranged i n  
s i z e  from about  0.1 mm t o  1.5 mm. Before  t h e  s o l i d  was ana lyzed ,  i t  was 
ground t o  pass  through a  0.25-mm s i e v e  and s p l i t ,  

The seven was te  samples were analyzed by X-ray d i f f r a c t i o n  f o r  mineral -  
o g i c a l  c h a r a c t e r i z a t i o n  and by Yzssbauer spec t roscopy  f o r  t h e  determin-  
a t i o n  of i r o n  s p e c i e s ,  P r i o r  t o  X-ray d i f f r a c t i o n  a n a l y s i s ,  subsamples 
of t h e  s o l i d  w a s t e s  used were ashed i n  a  low-temperature a s h e r  (LTA), 
Low-temperature a s h i n g  i s o l a t e s  t h e  d e s i r e d  m i n e r a l  r e s i d u e  from t h e  
o r g a n i c  m a t t e r  i n  t h e  sample,  and it o f t e n  f a c i l i t a t e s  t h e  r e s o l v i n g  
c a p a b i l i t i e s  of X-ray d i f f r a c t o m e t r y .  The samples were ashed on a  LFE 
c o r p o r a t i o n  Model LTA-504 radio-frequency a s h e r ,  Then t h e  ashed samples 
were q u a l i t a t i v e l y  analyzed by X-ray d i f f r a c t i o n  w i t h  a  P h i l l i p s  Norelco 
X-ray d i f f r a c t o r n e t e r  u s i n g  copper Ka r a d i a t i o n  and a g r a p h i t e  monochro- 
mometer. The method i s  d i s c u s s e d  f u r t h e r  i n  R u s s e l l  and Rimmer (1979).  



Massbauer s p e c t r a  were ob ta ined  w i t h  an Aus t in  Sc ience  A s s o c i a t e s  
s p e c t r o m e t e r  u s i n g  a  l i n e a r  a c c e l e r a t i o n  motor t o  move t h e  source  ( 5 1 ~ o  
i n  Pd) ,  A N i c o l e t  1070 N S i g n a l  Averager w i t h  1024 channels  was used t o  
c o l l e c t  t h e  s p e c t r a ,  Two s p e c t r a  were s imul taneous ly  c o l l e c t e d  and 
combined t o  y i e l d  a spectrum t h a t  was recorded i n  512 channe l s ,  The 
s p e c t r a  were o b t a i n e d  a t  room tempera tu re ;  s p e c t r a  ob ta ined  a t  l i q u i d -  
n i t r o g e n  t empera tu res  were not  s i g n i f i c a n t l y  improved. Liquid-helium 
t e m p e r a t u r e s  were n o t  a v a i l a b l e ,  and t h e r e  was no i d e n t i f i c a t i o n  of 
superparamagne t ic  s p e c i e s .  A more d e t a i l e d  d i s c u s s i o n  of t h e  MGssbauer 
s p e c t r o s c o p y  t e c h n i q u e s  used i n  t h e  a n a l y s i s  of t h e s e  samples i s  g i v e n  
i n  Saporoschenko e t  a l ,  (1980) and Hinckley e t  a l e  (1980).  

The samples were chemica l ly  analyzed f o r  S i ,  A l ,  Mg, Ca, K ,  Fe,  T i ,  and 
P u s i n g  X-ray f l u o r e s c e n c e  spec t romet ry  (XRF).  Arsen ic ,  Ba, B r ,  Ce, Co, 
C r ,  C s ,  Eu, Ga, H f ,  La, Lu, N i ,  Rb, Sb, Sc,  Se,  Sm, S r ,  Ta, Tb, Th, U ,  
W ,  Yb, and Zn were determined by i n s t r u m e n t a l  neu t ron  a c t i v a t i o n  
a n a l y s i s  (NAA). Mercury d e t e r m i n a t i o n s  were made by neu t ron  a c t i v a t i o n  
w i t h  rad iochemica l  s e p a r a t i o n .  Boron, Cu, Ge, L i ,  Mo,  Pb, Sn, and V 
were done by o p t i c a l  emiss ion  spec t rochemica l  a n a l y s e s  (OES),  A 
d e t a i l e d  d i s c u s s i o n  of sample p r e p a r a t i o n ,  d e t e c t i o n  l i m i t s ,  and 
p rocedures  f o r  t h e s e  t echn iques  can be found i n  Harvey e t  a l ,  (1983).  
The s u l f u r  d e t e r m i n a t i o n s  were c a r r i e d  ou t  by IS0 method 609-1975~.  

Most chemical  a n a l y s e s  of t h e  s u p e r n a t a n t  s o l u t i o n s  were determined by 
i n d u c t i v e l y  coupled argon plasma spec t romet ry  (ICAP) w i t h  a  J a r r e l l - A s h  
Model 975 Plasma AtomComp, The c o n s t i t u e n t s  determined by ICAP were A l ,  
A s ,  B ,  Ba, Be, Ca, Cd, C r ,  Cu, Fe,  K ,  Mg, Mn, Mo, Na, N i ,  Pb, Sb, Se ,  
S i ,  Sn, V ,  and Zn. The procedures  and t echn iques  of t h i s  s p e c i f i c  
i n s t r u m e n t  a r e  d i s c u s s e d  by t h e  J a r r e l l - A s h  D i v i s i o n  (1978) ,  S u l f a t e  
was done t u r b i d i m e t r i c a l l y  (American P u b l i c  Hea l th  A s s o c i a t i o n ,  1975).  
A l k a l i n i t y  was determined by t i t r a t i o n  w i t h  d i l u t e  s u l f u r i c  a c i d  and 
ox ida t ion- reduc t  i o n  p o t e n t i a l  (Eh) , pH, and e l e c t r i c a l  conductance were 
measured by e l e c t r o d e s  (U,S. EPA, 1979). 

The s o l i d  samples were a i r - d r i e d  and ground t o  pass  a  0.25-mm s c r e e n  
p r i o r  t o  o r g a n i c  a n a l y s i s .  The s o l i d  was te  samples and l a b o r a t o r y  
e x t r a c t  samples were analyzed by t h e  methods s e t  f o r t h  i n  t h e  IERL-RTP 
Procedures  Manual: Level  1 Environmental  Assessment (U.S. EPA, 1978). 
An overview of t h e  methodology i s  shown i n  f i g u r e  1. 

The s o l i d  samples were e x t r a c t e d  w i t h  1  L of methylene c h l o r i d e  (CH C 1  ) 
2 2 

i n  a  l a r g e  (70-mm x 300-mm body) s o x h l e t  e x t r a c t i o n  a p p a r a t u s .  The 
e x t r a c t s  were found t o  c o n t a i n  e lementa l  s u l f u r .  F ree  s u l f u r  was 
removed from t h e  e x t r a c t  by p a s s i n g  t h e  s o l u t i o n  over  a c t i v a t e d  copper 
(Blumer, 1957). 
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F i v e  l i t e r s  of aqueous s o l u t i o n s  ( 5  L) were e x t r a c t e d  two s e p a r a t e  
t i m e s ,  a t  pH 2 and pH 12, u s i n g  a  50-mL volume of C H 2 C 1 2  p e r  l i t e r  of 
s o l u t i o n  f o r  each e x t r a c t i o n  s t e p .  The e x t r a c t s  were combined t o  g i v e  a  
t o t a l  volume of 1000 mL. 

A t o t a l  chromatographable o r g a n i c s  (TCO) d e t e r m i n a t i o n  was run on each 
of t h e  e x t r a c t i o n  s o l u t i o n s  a t  c o n c e n t r a t i o n s  of 1000 d, 100 mL, and 
10 mL; Kuderna-Danish e v a p o r a t o r s  were used f o r  t h e  c o n c e n t r a t i o n s .  The 
TCO a n a l y s i s  i s  designed and c a l i b r a t e d  t o  q u a n t i f y  t h e  weight of 
o r g a n i c s  t h a t  have b o i l i n g  p o i n t s  between 100' and 3 0 0 ~ ~ .  The TCO were 
determined u s i n g  a  Perkin-Elmer Sigma I gas  chromatographic  system. A 
1.8-m by 3-mm O s D e  s t a i n l e s s  s t e e l  column packed w i t h  3 p e r c e n t  SP2100 
on 100/120 Supe lcopor t  was used f o r  s e p a r a t i o n ,  The e l u t e d  o r g a n i c s  
were analyzed w i t h  a  f lame i o n i z a t i o n  d e t e c t o r .  

The s o l v e n t  was t h e n  evapora ted  complete ly  by c a r e f u l l y  h e a t i n g  a t  4 0 ' ~  
under  a  s t r e a m  of d r y  n i t r o g e n .  The o r g a n i c  r e s i d u e s  were d r i e d  t o  
c o n s t a n t  weight  i n  a  d e s s i c a t o r .  The f i n a l  weight  i s  d e s i g n a t e d  t h e  
g r a v i m e t r i c  a n a l y s i s  (GRAV). 

An i n f r a r e d  ( IR)  spectrum was ob ta ined  f o r  each o r g a n i c  r e s i d u e  u s i n g  a  
Perkin-Elmer 283B I n f r a r e d  Spectrophotometer .  Where t h e r e  was 
s u f f i c i e n t  m a t e r i a l  a v a i l a b l e ,  t h e  I R  spectrum was ob ta ined  u s i n g  a n e a t  
smear of t h e  sample between two NaCl p l a t e s .  Where only  s m a l l e r  
( approx imate ly  5  mg) amounts were a v a i l a b l e ,  t h e  sample was d i s s o l v e d  i n  
carbon t e t r a c h l o r i d e  (CC14 f o r  I R  a n a l y s i s .  

A l l  sample e x t r a c t s  of adequa te  q u a n t i t y  0 1 5  mg) were s u b j e c t e d  t o  
l i q u i d  chromatographic  (LC) s e p a r a t i o n ,  The LC column was 200 mm x  10.5 
mm I D ,  g l a s s ,  w i t h  Tef lon  s topcock and a  w a t e r j a c k e t .  Davison S i l i c a  
Gel,  60 t o  200 mesh, Grade 950 ( F i s h e r  S c i e n t i f i c  Company) was used a s  
a d s o r b e n t ,  The adsorben t  was s e q u e n t i a l l y  e x t r a c t e d  w i t h  methanol,  
methylene c h l o r i d e ,  and pen tane ,  then  a c t i v a t e d  a t  1  10Oc f o r  2  h o u r s  
j u s t  p r i o r  t o  use .  Table  1  shows t h e  sequence f o r  t h e  chromatographic  
e l u t i o n .  The column e l u t i o n  r a t e  was mainta ined a t  1  mL/min. A TCO 
a n a l y s i s  was run on each f r a c t i o n  from t h e  LC s e p a r a t i o n .  

The s o l v e n t  was evapora ted  by g e n t l e  h e a t  and a  s t r e a m  of d r y  
n i t r o g e n .  GRAV a n a l y s i s  and an I R  spectrum was ob ta ined  f o r  each  
f r a c t i o n .  

Low-resolution mass spec t romet ry  (LRMS) was ob ta ined  f o r  on ly  s e l e c t e d  
samples .of o r g a n i c  m a t e r i a l  e x t r a c t e d  from t h e  KG sample. I n f o r m a t i o n  
d e r i v e d  from t h e  L M S  of t h e  KG sample was i n c o r p o r a t e d  i n t o  t h e  char- 
a c t e r i z a t i o n  of t h e  o r g a n i c s  e x t r a c t e d  from t h e  o t h e r  s o l i d  w a s t e s .  

High-pressure  l i q u i d  chromatography (HPLC) a n a l y s e s  were run u s i n g  UV 
d e t e c t i o n  a t  a  wavelength  of 254 nm. An a l t e x  u l t r a s p h e r e R  O D s ,  5 m, 



Table  1. Liquid-chromatography e l u t i o n  sequence.  

F r a c t i o n  Solvent  composi t ion  Volume (m~) 

LC- 1 P a r a f f i n s ,  o l e f  i n s  Pentane 25 

LC-2 Small a r o m a t i c s  (benzenes,  20% Methylene c h l o r i d e  i n  pentane 10 
naph tha l enes )  

LC-3 Large a r o m a t i c s  50% Methylene c h l o r i d e  i n  pentane 10 

LC-4 Large a r o m a t i c s ,  some low Me t h y l e n e  c h l o r i d e  
p o l a r  0 and S compounds 

LC-5 P o l a r  s p e c i e s  ( e .g .  pheno l s ,  I 5% Methanol i n  methylene c h l o r i d e  10 
a l c o h o l s  p h t h a l a t e s ,  amines , )  

LC-6 w i t h  i n c r e a s i n g  p o l a r i t y  20% Methanol i n  methylene c h l o r i d e  10 

LC-7 Weak a c i d s  50% Methanol i n  methylene c h l o r i d e  10 

ISGS 1983 

Figure 2 
HPLC of a known mixture of phenols and polyaromatic hydrocarbons referenced to toluene. Peak 
identification: 1. phenol; 2. p-cresol; 3. 2, 3-dimethylphenol; 4. 2, 4, 5-trimethyphenol; 5. toluene; 
6. phenanthrene; 7. pyrene; 8. chrysene; 9. benzo (a) pyrene. 



4.6 x  250 nun HPLC column (Beckman I n s t r u m e n t s ,  I n c .  , Berke ley ,  cA) 
equipped w i t h  a  guard  column was used .  The t o t a l  e x t r a c t a b l e  o r g a n i c s  
and t h e  LC f r a c t i o n s  were d i s s o l v e d  i n  methanol f o r  HPLC a n a l y s i s .  
Toluene was added a s  an  i n t e r n a l  s t a n d a r d .  The e l u t i o n  s o l v e n t  was 
80:20,  v:v, methano1:water w i t h  a  1  ml/min f low r a t e .  A mixture  
c o n t a i n i n g  f o u r  m e t h y l - s u b s t i t u t e d  pheno l s ,  t o l u e n e ,  and f o u r  poly- 
a r o m a t i c  hydrocarbons  was p repared  and used a s  a  r e f e r e n c e  s t a n d a r d  
( f i g .  2 ) .  

W.  R o  Roy and R ,  M o  S c h u l l e r  

It is  r e a s o n a b l e  t o  p r e d i c t  t h a t  t h e  predominant m i n e r a l  assemblages  i n  
mining s p o i l s  and p r e p a r a t i o n  w a s t e s  w i l l  be much l i k e  t h o s e  i n  t h e  sed- 
imen ta ry  s t r a t a  a s s o c i a t e d  w i t h  t h e  c o a l  seam and t h e  m i n e r a l  m a t t e r  
w i t h i n  t h e  c o a l .  Coal p r e p a r a t i o n  w a s t e s  c o n s i s t  p r i m a r i l y  of s h a l e  
c l a s t s ,  f r agments ,  and nodu les ;  p y r i t i c  c o a l ;  p y r i t e  l e n s e s  and nodu les ;  
and u n d e r c l a y  f ragments .  

The t h r e e  r e f u s e  samples (wSNG, WSOG, and OBG) and t h e  s l u r r y  sample 
(WSSL) were m i n e r a l o g i c a l l y  s i m i l a r  ( t a b l e  2 ) .  They were p r i m a r i l y  com- 
posed of q u a r t z ,  p y r i t e ,  i l l i t e ,  k a o l i n i t e ,  f e l d s p a r s ,  and a n h y d r i t e .  
These r e s u l t s  were comparable t o  t h o s e  r e p o r t e d  e l sewhere :  Wewerka e t  
a l .  (1978) a l s o  i d e n t i f i e d  q u a r t z ,  p y r i t e ,  i l l i t e ,  and k a o l i n i t e  i n  
t h r e e  r e f u s e  samples ,  and g e n e r a l i z e d  t h a t  most r e f u s e  samples from 
I l l i n o i s  Bas in  c o a l s  a r e  composed l a r g e l y  of c l a y  m i n e r a l s  w i t h  l e s s e r  
amounts of q u a r t z  and i r o n  s u l f i d e s .  They a l s o  found m a r c a s i t e ,  
c a l c i t e ,  and gypsum a s  minor components i n  some samples.  Rush e t  a l .  
(1974,  1975) noted t h e  p resence  of c h l o r i t e  and muscovi te  i n  a d d i t i o n  t o  
t h e  major m i n e r a l s  p r e v i o u s l y  mentioned. 

While t h e  major  m i n e r a l o g i c a l  assemblages  a r e  s i m i l a r  between s t u d i e s ,  
t h e  d i s c r e p a n c i e s  r e l a t i v e  t o  minor m i n e r a l s  may s tem from masking 
e f f e c t s .  The abundance of q u a r t z  and p y r i t e  i n  t h e  samples of t h i s  
s t u d y  made f u r t h e r  c h a r a c t e r i z a t i o n  by X-ray d i f f r a c t i o n  d i f f i c u l t ,  due 
t o  t h e  masking by t h e s e  dominant m i n e r a l s .  There  was some i n d i c a t i o n  
t h a t  coquimbi te  (Fep(SO ) * 9H20) was p r e s e n t  i n  r e f u s e  samples WSNG 

4. 3 and WSOG, and t h a t  h e m a t i t e  was p r e s e n t  i n  r e f u s e  OBG,  N e i t h e r  m i n e r a l  
was i d e n t i f i e d  by Bush e t  a l .  (1974, 1975) o r  Wewerka e t  a l .  (1978) i n  
t h e i r  r e f u s e  samples .  G r i f f i n  e t  a l e  (1980) r e p o r t e d  a  s i m i l a r  masking 
t h a t  was overcome t o  a  c e r t a i n  e x t e n t  by t h e  a p p l i c a t i o n  of Mcssbauer 
s p e c t r o s c o p y ,  a  more d e f i n i t i v e  t e c h n i q u e  f o r  d i f f e r e n t i a t i n g  i r o n  
s p e c i e s ,  

The MGssbauer spect rum of r e f u s e  OBG sugges ted  a  mix tu re  of f e r r o u s  and 
f e r r i c  i r o n  c l a y s  ( t a b l e  2 ) .  The p r e s e n c e  of p y r i t e  was a n t i c i p a t e d  b u t  
n o t  c l e a r l y  e s t a b l i s h e d ,  The amount of p y r i t e  may have been below t h e  
r e s o l v i n g  c a p a b i l i t i e s  of t h i s  t e c h n i q u e ,  



Table 2 .  Mine ra log ica l  composit ion of t h e  seven s o l i d  waste  
samples by X-ray d i f f r a c t i o n .  

WSNG WSOG OBG WSSL DMNS DMOS KG 

Nonferrous Minerals 

anhydr i t e  

anker i t e  

c a l c i t e  

c h l o r i t e  

dolomite 

f e l d s p a r s  

gypsum 

i l l i t e  

k a o l i n i t e  

mixed l a y e r  c l a y  

big-calcite 

m u l l i t e  

muscovite 

qua r t z  

s i d e r i t e  

Ferrous  Minerals 

coquimbite 

~ e + ~  c l a y  

c l a y  

hemat i t e  

n a t r o j a r o s  i t e  

p y r i t e  

determined o r  v a r i f i e d  by Mdssbauer s p e c t r a .  

not  found i n  MBssbauer s p e c t r a .  

The MGssbauer spectrum f o r  t h e  s l u r r y  sample was r e s o l v e d  i n t o  t h r e e  
a b s o r p t i o n s ,  s i m i l a r  t o  t h e  s p e c t r a  of r e f u s e  WSNG and WSOG. The most 
prominent peak was a t t r i b u t e d  t o  p y r i t e ,  w h i l e  t h e  o t h e r  two were 
i d e n t i f i e d  a s  f e r r o u s  and f e r r i c  c l a y s .  

The mineralogy of t h e  two s p o i l  samples l a r g e l y  r e f l e c t s  t h e  composi t ion 
of t h e  Lawson Sha le ,  a micaceous and c a l c a r e o u s  gray s h a l e .  DMNS i s  en- 
t i r e l y  Lawson Sha le ;  v i s u a l  i n s p e c t i o n  of hand samples of DMOS r e v e a l e d  
pre-mining s o i l s ,  weathered and unweathered f l a k e s  of s h a l e ,  and 



c a r b o n a t e  f ragments*  The m i n e r a l o g i c a l  cornpositon a s  i n d i c a t e d  by X-ray 
was e s s e n t i a l l y  q u a r t z ,  i l l i t e ,  k a o l i n i t e ,  muscovi te ,  and c a l c i t e .  

The i r o n  s p e c i e s  found i n  t h e  two s p o i l  samples by Mb'ssbauer 
spec t roscopy  were c h a r a c t e r i s t i c  of c l a y s .  For bo th  samples ,  t h e r e  were 
two f e r r i c  and two f e r r o u s  s p e c i e s ,  The f e r r i c  a b s o r p t i o n s  have param- 
e t e r  v a l u e s  t y p i c a l  of t r a n s  OH- and c i s  OH- s i t e s  i n  i l l i t e  and s i m i l a r  
d i o c t a h e d r a l  c l a y s .  The Msssbauer parameters  f o r  t h e  c i s  OH- s p e c i e s  
were w i t h i n  t h e  range u s u a l l y  a s s i g n e d  t o  p y r i t e ,  which i s  o f t e n  t h e  
c a s e ,  X-ray d i f f r a c t i o n  i n d i c a t e d  only  t r a c e s  of p y r i t e ,  so  t h e  
ass ignment  of a c l a y  s p e c i e s  was p r e f e r r e d *  The p resence  o r  absence of 
i r o n  s u l f a t e  s p e c i e s  i d e n t i f i e d  by X-ray d i f f r a c t i o n  i n  t h e  two s p o i l  
samples could  n o t  be confirmed by Massbauer spec t roscopy .  The absorp-  
t i o n  v a l u e s  f o r  t h e  i r o n  s u l f a t e s  f e l l  w i t h i n  ranges  t h a t  were a l s o  
c h a r a c t e r i s t i c  of c l a y s ,  s o  t h a t  p o s i t i v e  i d e n t i f i c a t i o n  was n o t  
p o s s i b l e  

The Ki lngas  s o l i d  was te  sample possessed a  minera l  assemblage t h a t  
i n d i c a t e d  h i g h  t empera tu re  and o x i d i z i n g  c o n d i t i o n s .  X-ray d i f f r a c t i o n  
d a t a  i n d i c a t e d  t h e  presence of q u a r t z ,  m u l l i t e ,  and i r o n  oxides  t h a t  a r e  
commonly found i n  c o a l  f l y  a s h  (Roy e t  a l e ,  19811, a n o t h e r  high- 
t empera tu re  r e s i d u e  of c o a l ,  Although f e l d s p a r s  appear  t o  be r a r e  i n  
c o a l  f l y  a s h ,  t h e y  were p r e s e n t  i n  t h e  Ki lngas  was te  sample. G r i f f i n  e t  
a l e .  (1980) found Lurg i  a sh  samples were r n i n e r a l o g i c a l l y  s i m i l a r  t o  c o a l  
a s h e s ,  b u t  t h e y  a l s o  c o n t a i n e d  f e l d s p a r s .  The Miissbauer spectrum was 
c h a r a c t e r i s t i c  of a  water-quenched bottom a s h  ( s l a g ) ;  t h e  a b s o r p t i o n s  
were broad and unreso lved .  Most of t h e  i r o n  was i d e n t i f i e d  a s  f e r r o u s  
i r o n  w i t h  one f e r r i c  s p e c i e s ,  The broad a b s o r p t i o n s  were t y p i c a l  of 
i r o n  i n  s i l i c a  g l a s s ,  Although h e m a t i t e  was sugges ted  by X-ray 
d i f f r a c t i o n ,  i t  was not  confirmed by t h e  MGssbauer d a t a .  

The i n i t i a l  s t e p  i n  a s s e s s i n g  t h e  p o t e n t i a l  p o l l u t i o n  hazards  of c o a l  
s o l i d  w a s t e s  i s  commonly a  complete chemical  c h a r a c t e r i z a t i o n  of t h e  
samples .  Such a n a l y t i c a l  d a t a  w i l l  de termine t h e  maximum amount of a  
g i v e n  c o n s t i t u e n t  t h a t  may be r e l e a s e d  t o  t h e  environment.  

M i n e r a l o g i c a l  d a t a  ( t a b l e  2 )  i n d i c a t e d  s i x  of t h e  seven wastes  were 
composed of p r i m a r i l y  a l u m i n o s l l i c a t e s ;  t h u s ,  t h e  major e lements  i n  t h e  
r e f u s e  samples ( t a b l e  3 ) ,  t h e  s p o i l  samples ( t a b l e  4 ) ,  and t h e  Ki lngas  
sample were s i l i c o n  and aluminum. Reported a s  p e r c e n t  s i l i c a  ( S i 0 2 )  and 
a lumina (A1 0 3 ) ,  t h e  S i 0 2  con ten t  of t h e  r e f u s e  samples WSNG, WSOG, and 
OBG ranged from 30.21 percen t  t o  40.43 p e r c e n t ,  and A1203 ranged from 
7.88 p e r c e n t  t o  9,66 p e r c e n t ,  Comparisons between t h e s e  t h r e e  r e f u s e  
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Table  4 .  Major and minor c o n s t i t u e n t  composi t ion  of t h e  two s p o i l  samples,  t h e  
s l u r r y  sample, and t h e  K i lngas  was te .  

Average c o a l  
f l y  a s h  

DMN S DM0 S WSSL KG composit ion* Slag** 

Si02 59.03 64.00 15 .51  

Ti02 0 . 0 9  0.07 0.03 

A1203 15 .82  13 .14  4 . 4 1  

Fe203 6.66 5 . 8 9  5 .02  

CaO 3 .26  3 .78  0.27 

MgO 0.11 0.08 0 .12  

Na2O 0.73 0.57 0.14 

K20 4.18 3 .54  0.96 

p205 0.14 0 .10  0 .03  

so3 2.07 1 . 2 0  10 .56  

Organic  C 2.19 2.63 57.24 

I n o r g a n i c  C 1 .OO 0 .78 0.04 

* Roy and G r i f f i n ,  1982 .  ** G r i f f i n  e t  a l . ,  1980 .  

Tab le  5 ;  S u l f u r  s p e c i e s  and t o t a l  s u l f u r  c o n t e n t  of 
t h e  seven s o l i d  w a s t e s  ( p e r c e n t  we igh t ) .  

WSNG WSOG OBG WSSL DMNS DMOS KG 

S u l f a t e s u l f u r  0.30 1.79 3.22 0.56 0.06 0.04 0.05 

~ y r i t i c s u l f u r  9.56 5.56 0.25 2.84 0.76 0.44 0.12 

Organic  s u l f u r  0.44 1.42 0.17 0.83 0.01 0.00 0.43 

T o t a l  s u l f u r  10.30 8.77 3.64 4.23 0.83 0.48 0.60 

samples ,  two samples s t u d i e d  by G r i f f i n  e t  a l e  (1980) ,  and t h e  t h r e e  
samples  s t u d i e d  by Wewerka e t  a l .  (1978) s u g g e s t  t h a t  t h e  SiO c o n t e n t  
of r e f u s e  f rom I l l i n o i s  Bas in  c o a l s  v a r i e s  from abou t  29 t o  5 9  p e r c e n t  
( t a b l e  3 ) .  

The Fe 0  c o n t e n t  of seven of t h e  r e f u s e  samples was about  13 p e r c e n t ;  
2 3 

SO v a r i e d  from abou t  1  p e r c e n t  t o  n e a r l y  34 p e r c e n t .  The i r o n  and 
s u ? f u r  c o n t e n t s  were p a r t i a l l y  r e l a t e d  t o  t h e  p y r i t e  c o n t e n t ,  which was 
t h e  p r i n c i p l e  r e a c t a n t  i n  t h e  p r o d u c t i o n  of a c i d i c  e f f l u e n t .  A n a l y t i c a l  
d a t a  f o r  s u l f u r  s p e c i e s  ( t a b l e  5)  i n d i c a t e d  t h a t  n e a r l y  a l l  (92.8%) of 
t h e  s u l f u r  i n  WSNG was p y r i t i c ;  whereas o n l y  0.30 p e r c e n t  was t h e  
s u l f a t e  form. I n  WSOG, which is about  20 y e a r s  o l d ,  about  63.4 p e r c e n t  



occur red  a s  p y r i t i c  s u l f u r .  Also,  WSOG conta ined  1,49 p e r c e n t  more 
s u l f a t e  s u l f u r  t h a n  t h e  younger WSWG sample,  The o l d e s t  r e f u s e  sample,  
OBG (about  50 y e a r s  o l d )  con ta ined  only  6.87 p e r c e n t  p y r i t i c  s u l f u r ;  
most of t h e  s u l f u r ,  88,5  p e r c e n t ,  occur red  a s  s u l f a t e  compounds, The 
apparen t  s h i f t  from p y r i t i c  forms of s u l f u r  t o  s u l f a t e  forms w i t h  
i n c r e a s i n g  age of t h e  was tes  may be due t o  t h e  g r a d u a l  o x i d a t i o n  of t h e  
p y r i t e  i n  t h e  r e f u s e  p i l e s ,  w i t h  t h e  fo rmat ion  of s u l f a t e  compounds a s  a  
by-product. A s i m p l i f i e d  r e a c t i o n  f o r  t h e  fo rmat ion  of s u l f u r i c  a c i d  
from p y r i t i c  was tes  (Wewerka e t  a l . ,  1976) would account  f o r  t h i s  
a p p a r e n t  t r e n d :  

The r e l a t i v e  a c i d i t y  of l e a c h a t e  produced by r e f u s e  may be b u f f e r e d  by 
t h e  n e u t r a l i z i n g  e f f e c t  of ca rbona tes  mixed w i t h i n  t h e  was tes ;  however, 
t h e  ca lc ium c o n t e n t ,  r e p o r t e d  a s  p e r c e n t  CaO ( t a b l e  3)  was low, r a n g i n g  
from about  0.15 p e r c e n t  t o  6 p e r c e n t ,  The CaO con ten t  of t h e  t h r e e  
samples i n  t h i s  s t u d y  appeared t o  be lower t h a n  t h o s e  r e p o r t e d  by 
Wewerka e t  a l e  (1978) and G r i f f i n  e t  a l e  (1980) ,  

Although t h e  methods used t o  mine and c l e a n  t h e  c o a l  w i l l  u l t i m a t e l y  
i n f l u e n c e  t h e  composit ion of t h e  r e s u l t i n g  r e f u s e ,  t h e  t r e n d s  f o r  i r o n  
c o n c e n t r a t i o n  observed h e r e  a g r e e  w i t h  t h e  conc lus ion  by Glusko te r  e t  
a l .  (1977) t h a t  c o a l s  from t h e  I l l i n o i s  Basin tend t o  have h i g h e r  Fe 
c o n c e n t r a t i o n s  t h a n  t h o s e  from t h e  Appalachian Basin  ( t a b l e  3 ) .  

Organic  carbon was a major component i n  t h e  t h r e e  r e f u s e  w a s t e s ,  WSNG, 
WSOG and OBG, r ang ing  from about  14 t o  30 p e r c e n t  by weigh t ,  The f a c t  
t h a t  o r g a n i c  carbon makes up much of t h e  bulk  composit ion of r e f u s e  i s  
o f t e n  over looked i n  p u b l i s h e d  s t u d i e s .  

The major and minor c o n s t i t u e n t s  i n  t h e  two s p o i l  samples DMNS and DMOS 
a r e  shown i n  t a b l e  4. The composi t ion of t h e s e  two samples i s  t y p i c a l  
f o r  sedimentary  rocks  (Krumbein and S l o s s ,  1963),  w i t h  t h e  e x c e p t i o n  of 
t h e  h i g h e r  s u l f u r  c o n c e n t r a t i o n s .  A s  w i t h  t h e  unweathered r e f u s e  sample 
(WSNG), most of t h e  s u l f u r  (92%)  occur red  i n  p y r i t c  forms ( t a b l e  5 ) .  

The s p o i l  sample DMNS i s  a  composite sample t a k e n  from mine o u t c r o p s  of 
t h e  Lawson Shale .  We b e l i e v e  t h a t  t h e  m i n e r a l o g i c a l  and chemical  d a t a  
i n  t h i s  r e p o r t  may r e p r e s e n t  t h e  f i r s t  such p u b l i s h e d  d a t a  on t h i s  
s h a l e .  S t u d i e s  of P a l e o z o i c  s h a l e s  i n  I l l i n o i s  by t h e  I l l i n o i s  S t a t e  
Geolog ica l  Survey r e s e a r c h e r s  i n c l u d e  t h e  work by Lamar (19481, GrPm, 
Bradley,  and White (1957), and Kosanke e t  a l e  (1960) ;  bu t  none of t h e s e  
s t u d i e s  c o n t a i n s  a n a l y t i c a l  d a t a  f o r  t h e  Lawson Sha le .  The s t r a t i -  
g r a p h i c  e q u i v a l e n t  of t h e  s h a l e  i n  Ind iana  has  a l s o  no t  r e c e i v e d  
a t t e n t i o n  from t h e  I n d i a n a  Geolog ica l  Survey (Shaver e t  a l e ,  19701, 
However, i t  shou ld  be noted t h a t  t h e r e  was l i t t l e  s t r a t i g r a p h i c  c o n t r o l  
w i t h  r e s p e c t  t o  sampl ing;  t h u s  t h e  r e s u l t s  may be s u g g e s t i v e  bu t  n o t  
d e c i s i v e .  



The major component of t h e  s l u r r y  sample (WSSL) is  o r g a n i c  carbon ( t a b l e  
4 ) .  I n s p e c t i o n  of hand samples i n d i c a t e d  t h a t  much of t h e  m a t e r i a l  con- 
s i s t e d  of f ine -gra ined  c o a l  p a r t i c l e s ,  r e f l e c t i n g  i t s  mode of d e p o s i t i o n  
a s  a  s l u r r y  mix ture  pumped i n t o  a  s t o r a g e  b a s i n  nex t  t o  t h e  s o u r c e  prep- 
a r a t i o n  p l a n t .  Unl ike  t h e  o t h e r  s i x  was tes ,  WSSL had a  low S i 0 2  c o n t e n t  
(15.51%) r e l a t i v e  t o  most g e o l o g i c a l  m a t e r i a l s ;  but  a  s u l f u r  t r i o x i d e  
(SO3) c o n c e n t r a t i o n  (10.56%) was w i t h i n  t h e  range expected f o r  SO3 con- 
c e n t r a t i o n s  of c o a l  p r e p a r a t i o n  r e f u s e  from I l l i n o i s  Basin  c o a l s  
( t a b l e  3 ) .  About two-thi rds  of t h e  s u l f u r  i n  WSSL occurred a s  p y r i t i c  
compounds ( t a b l e  5  ) . 
The mineralogy of t h e  Ki lngas  waste  was d e s c r i b e d  a s  being s i m i l a r  t o  
c o a l  f l y  a s h  and s l a g  i n  many r e s p e c t s .  The major e l e m e n t a l  composi t ion 
was a l s o  comparable t o  o t h e r  h igh- temperature  combustion r e s i d u e s  ( t a b l e  
4 ) .  Comparisons between t h e  composi t ion of t h e  KG sample ( t a b l e  4 ) ,  an 
e m p i r i c a l  formula  f o r  c o a l  f l y  a s h  from Roy and G r i f f i n  (1982) ,  and a  
s l a g  sample ( G r i f f i n  e t  a l . ,  1980) sugges ted  t h e  KG sample had a n  
i n t e r m e d i a t e  composit ion: t h e  c o n c e n t r a t i o n s  of some major and minor 
c o n s t i t u e n t s  f e l l  between t h e  ranges  i n  composi t ion e s t a b l i s h e d  by f l y  
a s h  and t h e  s l a g  sample,  

Trace Constli 

The c o n c e n t r a t i o n s  of t r a c e  c o n s t i t u e n t s  i n  t h e  t h r e e  r e f u s e  samples 
WSNG, WSOG and OBG a r e  l i s t e d  i n  t a b l e  6,  a l o n g  w i t h  d a t a  f o r  o t h e r  
r e f u s e  samples f o r  comparisons,  A s  w i t h  most n a t u r a l  m a t e r i a l s ,  t h e  
t r a c e  c o n s t i t u e n t  c o n c e n t r a t i o n s  of r e f u s e  a r e  v a r i a b l e ,  A r s e n i c  v a r i e d  
from 12 t o  94 rng/kg i n  r e f u s e  samples,  vanadium from 4 t o  86 mg/kg, and 
z i n c  from 39 t o  500 mg/kg, 

The c e n t r a l  concept  of c o a l  c l e a n i n g  is  t o  c o n c e n t r a t e  t h e  c o a l  from t h e  
noncarbonaceous m a t e r i a l s ,  e ,g .  s i l i c a t e s ,  s u l f i d e s ,  o x i d e s ,  phosphates ;  
t h e r e f  o r e ,  t r a c e  c o n s t i t u e n t s  t h a t  g e n e r a l l y  occtlr wi th  i n o r g a n i c  phases 
a r e  c o n c e n t r a t e d  i n  c l e a n i n g  was tes  r e l a t i v e  t o  t h e  c o n c e n t r a t i o n s  of 
t h e s e  same c o n s t i t u e n t s  i n  t h e  m a t e r i a l  mined. For example, A s ,  C O ,  N i ,  
Pb, and Sb commonly occur  a s  s u l f i d e s  (Glusko te r  e t  a l . ,  1977) and could  
be expec ted  t o  be c o n c e n t r a t e d  i n  r e f u s e  by p r e s e n t  c o a l  c l e a n i n g  tech- 
n iques .  I n  f a c t ,  t h e  a r i t h m e t i c  means of A s ,  Co, N i  and Pb i n  t h e  
samples of I l l i n o i s  Basin  c o a l  r e f u s e  were found t o  be more than  twice  
t h e  a r i t h m e t i c  means (Glusko te r  e t  a l . ,  1977) of t h e  same c o n s t i t u e n t s  
i n  I l l i n o i s  Basin  c o a l s .  

The t r a c e  c o n s t i t u e n t s  of t h e  two s p o i l  samples,  DMNS and DMOS ( t a b l e  7 )  
a r e  very s i m i l a r ,  w i t h  t h e  e x c e p t i o n  of F  and Mne Barium, I?, Mn, S r ,  
and Zn were t h e  predominant t r a c e  c o n s t i t u e n t s  i n  t h e s e  two samples;  
c o n c e n t r a t i o n s  exceeded 200 mg/kg. The t r a c e - c o n s t i t u e n t  c o n c e n t r a t i o n s  
of t h e  s l u r r y  sample were b road ly  s i m i l a r  t o  those  of t h e  r e f u s e  samples 
WSNG, WSOG and OBG, a l t h o u g h  A s ,  Ce and F were lower than  i n  I l l i n o i s  
Bas in  c o a l  r e f u s e ,  The Ki lngas  sample was b road ly  comparable t o  t h e  
o t h e r  s i x  w a s t e s ,  w i t h  t h e  e x c e p t i o n  of t h e  r e l a t i v e l y  h i g h  l e v e l s  of C r  
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Table  7 .  T race  c o n s t i t u e n t  c o n c e n t r a t i o n s  i n  t h e  s l u r r y ,  mine 
s p o i l ,  and Ki lngas  samples (mg/kg). 

Sample WS SL DM0 S DMNS KG 



and N i .  Chromium l e v e l s  of t h i s  magnitude (1531 mg/kg) a r e  g e n e r a l l y  
n o t  a s s o c i a t e d  w i t h  s o l i d  was tes  from c o a l  u t i l i z a t i o n  (Wewerka e t  a l . ,  
1976; G r i f f i n  e t  a l . ,  1980; Roy e t  a l , ,  1981)- The observed C r  
c o n c e n t r a t i o n  may have been an a r t i f a c t  of t h e  g a s i f i c a t i o n  p r o c e s s .  

W, R ,  Roy, I ,  G ,  Krapac, and R,  M, S c h u l l e r  

S o l u b i l i t y  s t u d i e s  by l a b o r a t o r y  e x t r a c t i o n  o r  l e a c h i n g  procedures  a r e  
c u r r e n t l y  cons idered  t h e  b e s t  a v a i l a b l e  approach f o r  a s s e s s i n g  t h e  
p o t e n t i a l  environmental  impact of l e a c h a t e s  from s o l i d  w a s t e s ,  A t  
p r e s e n t ,  t h e r e  a r e  more than  50 d i f f e r e n t  e x t r a c t i o n  methods c i t e d  i n  
t h e  l i t e r a t u r e ,  a l though  many a r e  e s s e n t i a l l y  v a r i a t i o n s  of t h e  "shake- 
t e s t . "  Some procedures  were des igned t o  s i m u l a t e  a  p a r t i c u l a r  d i s p o s a l  
s c e n a r i o  and may not  apply  t o  more than  one type  of was te  o r  t echn ique  
f o r  i t s  d i s p o s a l .  

It  would be e x p e d i t i o u s  i f  one e x t r a c t i o n  procedure  could be developed 
t o  r e p r e s e n t  a l l  p o s s i b l e  d i s p o s a l  sys tems and was te  m a t e r i a l s .  A t  
p r e s e n t  t h e r e  i s  no u n i v e r s a l l y  accep ted  procedure .  Moreover, such a  
u n i v e r s a l  p rocedure  may be an u n r e a l i s t i c  e x p e c t a t i o n .  

One o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  was t o  g e n e r a t e  aqueous e x t r a c t s  
from s e l e c t e d  c o a l  u t i l f z a t i o n  was tes  u s i n g  f i v e  e x t r a c t i o n  p rocedures  
t h a t  a r e  most widely  used by t h e  s c i e n t i f i c  community o r  have been pre- 
v i o u s l y  s t u d i e d  by t h e  a u t h o r s ,  The f i v e  e x t r a c t i o n  procedures  t h a t  
were used w i t h  each of t h e  seven was tes  inc luded  ( 1 )  t h e  American 
S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  Method-A (ASTM-A), ( 2 )  t h e  ASTM-B 
method, ( 3 )  t h e  U.S, EPA E x t r a c t i o n  Procedure  ( E P ) ,  ( 4 )  a  c a r b o n i c  a c i d  
e x t r a c t i o n  procedure  (CAP), and ( 5 )  a  long-term e q u i l i b r a t i o n  p rocedure  
(LTE). Also ,  a  large-volume g e n e r a t i o n  (LVG) procedure  was developed 
f o r  t h e  c h r o n i c  b i o a s s a y s ,  

The methods developed by t h e  American S o c i e t y  f o r  T e s t i n g  and M a t e r i a l s  
(1979) a r e  t h e  Method-A (wate r  shake e x t r a c t i o n )  and Method-R ( a c i d  
shake  e x t r a c t i o n ) ,  These procedures  i n v o l v e  ( 1 )  t h e  shaking of a  known 
weight  of was te  w i t h  e i t h e r  w a t e r  of a  s p e c i f i e d  composi t ion o r  a n  
a c i d i c  b u f f e r  s o l u t i o n ,  and ( 2 )  t h e  s e p a r a t i o n  of t h e  aqueous phase f o r  
a n a l y s i s .  Both were des igned t o  q u i c k l y  o b t a i n  a  s o l u t i o n  f o r  e v a l -  
u a t i n g  e x t r a c t a b l e  m a t e r i a l s  from was tes .  

The ASTM procedures  recommend u s i n g  t h e  was te  m a t e r i a l s  i n  t h e  p h y s i c a l  
form i n  which they  were d i sposed ,  For t h e  seven wastes  c u r r e n t l y  being 
s t u d i e d ,  t h i s  recommendation was found t o  be i m p r a c t i c a l ,  The extreme 
v a r i a b i l i t y  of p a r t i c l e  s i z e  ( c l a y  t o  b o u l d e r )  would have made e f f e c t i v e  



subsampl ing i m p o s s i b l e .  Thus, t h e  samples were a i r  d r i e d  and ground t o  
p a s s  a  9.53-mm (318-inch) s t a n d a r d  s i e v e .  

The ASTM-A procedure  used i s  a  s h o r t - t e r m  shake t e s t  and invo lved  
shak ing  a  s l u r r y  composed of 700 f 1 g of w a s t e  w i t h  a  volume of 
d i s t i l l e d - d e i o n i z e d  w a t e r  e q u a l  t o  f o u r  t imes  t h e  weight  of t h e  
sample.  The s l u r r i e s  were formed i n  one-gal lon,  wide-mouth g l a s s  
b o t t l e s  and s e a l e d  w i t h  Tef lon- l ined  p l a s t i c  l i d s ,  Grea t  e f f o r t  was 
t a k e n  t o  a v o i d  c o n t a c t  between t h e  s l u r r i e s  and any s u r f a c e  t h a t  might  
cause  sample con tamina t ion .  Use of t h e  Tef lon  l i n e r s  p reven ted  l e a c h i n g  
of p l a s t i s i z e r s  from t h e  p l a s t i c  l i d s ,  which could  have i n t e r f e r e d  w i t h  
o r g a n i c  a n a l y s i s  of t h e  samples.  The s l u r r i e s  were shaken f o r  48 hours  
a t  100 s t r o k e s  p e r  minute  u s i n g  a  l a r g e  c a p a c i t y  r e c i p r o c a l  s h a k e r ;  t h e n  
t h e y  were a l lowed t o  s e t t l e  f o r  one hour .  Immediately a f t e r  t h e  b o t t l e s  
were opened,  pH, o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  (Eh) ,  s p e c i f i c  conduc- 
t a n c e ,  and a l k a l i n i t y  measurements were made. Next,  t h e  s l u r r i e s  were 
f i l t e r e d  th rough  whatmanR Q u a l i t a t i v e  I f i l t e r  p a p e r ,  fo l lowed  by 
f i l t e r i n g  through M i l l i p o r e  Oe45-~m pore  s i z e ,  c e l l u l o s e  a c e t a t e  
membrane f i l t e r s .  Subsamples were t a k e n  f o r  c a t i o n ,  a n i o n ,  and o r g a n i c  
c h a r a c t e r i z a t i o n .  

The ASTM-B procedure  was conducted i d e n t i c a l l y  t o  t h e  ASTM-A procedure ;  
however, a  sodium a c e t a t e - a c e t i c  a c i d  b u f f e r  s o l u t i o n  (pH 3,5  f 0.1) was 
t h e  e x t r a c t i o n  media. 

U , S .  EPA Extraction Proee 

The EP was a l s o  i n t e n d e d  t o  s e r v e  a s  a  qu ick  t e s t  f o r  i d e n t i f y i n g  w a s t e s  
t h a t  a r e  p o t e n t i a l  p o l l u t i o n  h a z a r d s  (U.S. EPA, 1980) ,  The EP r e q u i r e d  
g r i n d i n g  t h e  s o l i d  sample t o  p a s s  through a 9.53-mm (3 /8 - inch)  s t a n d a r d  
s i e v e .  Wide-mouth, one-gal lon g l a s s  b o t t l e s  w i t h  Tef lon- l ined  l i d s ,  
i d e n t i c a l  t o  t h o s e  f o r  t h e  ASTM procedures ,  were used f o r  t h e  EP. A l s o ,  
t h e  samples  were shaken a t  t h e  same r a t e  u s i n g  t h e  same s h a k e r .  A t o t a l  
of 200 g of s o l i d  was te  and 3200 mL of d i s t i l l e d  w a t e r  w e r e  p laced  i n  
t h e  g a l l o n  b o t t l e s  and shaken f o r  24 hours  f 0 , 5  hour .  During t h e  24- 
hour  p e r i o d ,  t h e  s l u r r i e s  were p e r i o d i c a l l y  removed from t h e  s h a k e r  and 
pH a d j u s t e d  t o  5,O f 0 , l  pH u n i t s  w i t h  0.5 N a c e t i c  a c i d .  The pH was 
a d j u s t e d  a t  1 5 ,  30-, and 60-minute i n t e r v a l s ,  w i t h  advancement t o  t h e  
n e x t  l o n g e s t  i n t e r v a l  when t h e  change i n  pH d i d  n o t  exceed 0.5 pH 
u n i t s .  Adjustment con t inued  f o r  a  t o t a l  of 6 h o u r s ,  

A f t e r  t h e  24-hour p e r i o d ,  t h e  pH of t h e  s l u r r y  was between 4.9 t o  5.2. 
The t o t a l  volume of a c i d  added f o r  pH ad jus tment  cou ld  no t  exceed 4 mL 
p e r  gram of s o l i d  was te .  Adjustment was s topped  when t h i s  volume was 
exceeded.  A t  t h e  end of t h e  e x t r a c t i o n  p e r i o d ,  t h e  l i q u i d  and s o l i d  
phases  were s e p a r a t e d .  The volume of t h e  l i q u i d  phase  was then  a d j u s t e d  
w i t h  d i s t i l l e d  w a t e r  s o  t h a t  i t s  volume was 20 t imes  t h a t  occupied by a  

0 
q u a n t i t y  of w a t e r  a t  4  C, e q u a l  i n  we igh t  t o  t h e  i n i t i a l  s o l i d  sample.  
Sample f i l t r a t i o n  and p r e p a r a t i o n  p rocedures  were i d e n t i c a l  t o  t h o s e  
used f o r  t h e  ASTM methods, 



Carbonic Acid 

The l a s t  shor t - t e rm shake procedure  was a  c a r b o n i c  a c i d  procedure  
(CAP). T h i s  method invo lved  shak ing  700 g  of sample w i t h  2800 mL of 
d e i o n i z e d  wate r  t h a t  had been purged w i t h  CO gas .  The Cop-satura ted 

2 
w a t e r  had a  pH of 4,P. The e x t r a c t  was shaken f o r  48 h o u r s ,  i n  a  
p rocedure  s i m i l a r  t o  t h e  ASTM methods. 

The r a t i o n a l e  f o r  us ing  CO - s a t u r a t e d  w a t e r  a s  an e x t r a c t a n t  was t o  
2 

s i m u l a t e  t h e  s o l u b i l i z a t i o n  of t h e  waste  i n  c o n t a c t  w i t h  s o i l  solu-  
t i o n s .  S o i l s  o f t e n  c o n t a i n  h i g h e r  p a r t i a l  p r e s s u r e s  of CO than  t h e  
atmosphere above t h e  s o i l ,  due t o  t h e  a e r o b i c  metabolism of micro- 
organisms and t h e  decay of s o i l  o r g a n i c  m a t t e r .  Also,  c a r b o n i c  a c i d  was 
used a s  an a c i d i c  e x t r a c t  s i n c e  c a r b o n i c  a c i d  i t s e l f  was not  t o x i c  t o  
t h e  organisms used i n  t h e  b i o a s s a y s .  It would have beeen d i f f i c u l t  t o  
a s s e s s  t h e  b i o l o g i c a l  t o x i c i t y  of t h e  e x t r a c t s  due t o  s o l u t e s  i f  t h e  
aqueous medium was a l s o  t o x i c  a s  was t h e  sodium a c e t a t e  used i n  ASTM-B. 

Long-Term E q u i  ibration Proce 

- The long-term e q u i l i b r a t i o n  procedure  (LTE) used i n  t h i s  s tudy  was 
developed by G r i f f i n  e t  a l .  (1980) f o r  samples of c o a l  s o l i d  was tes .  A 
v a r i a t i o n  of t h i s  procedure  was a l s o  used by Suloway e t  a l .  (1983) f o r  
c o a l  f l y  a s h  samples.  T h i s  procedure  invo lved  mixing 1700 g  of sample 
w i t h  17 L of d e i o n i z e d  wate r  i n  a  19-L r e a c t i o n  v e s s e l  made of Pyrex 
g l a s s .  

These mix tures  were s t i r r e d  f o r  30 minutes ,  twice  a week, f o r  20 t o  21 
weeks i n  o r d e r  t o  ( a s  a  f i r s t  approximat ion)  s i m u l a t e  s l u r r y  ponding 
environments .  However, t h i s  e x t r a c t i o n  procedure  i s  more s p e c i f i c a l l y  
o r i e n t e d  toward g e n e r a t i n g  a s o l u t i o n  a t  chemical  e q u i l i b r i u m  w i t h  t h e  
s o l i d  wzs tes .  Th i s  was done t o  produce a  s o l u t i o n  t h a t  may approximate 
t h e  aqueous ,chemist ry  of pond e f f l u e n t  o r  l e a c h a t e  i n  s e t t i n g s  where 
c o n d i t i o n s  of m e t a s t a b l e  chemical  e q u i l i b r i u m  develop.  Samples of t h e  
e x t r a c t s  were p e r i o d i c a l l y  t aken  and ana lyzed  over  t h e  21 weeks t o  
moni tor  t h e  changes i n  chemical  composi t ion of t h e  s o l u t i o n s .  

Large-Volume Generation Procedure 

A large-volume g e n e r a t i o n  procedure  (LVG) was des igned t o  produce t h e  
l a r g e  amount of a c i d i c  l e a c h a t e  t h a t  was i n i t i a l l y  a n t i c i p a t e d  f o r  t h e  
c h r o n i c  b i o a s s a y s .  Two 5678-L (1500 g a l )  ~ ~ r o ~  tanks  were each f i l l e d  
w i t h  abou t  4.5 t o n s  of c o a l  r e f u s e  ( f i g .  3 ) .  Refuse from t h e  OBG and 
WSNG s i t e s  was used i n  t h e  LVG procedure .  The s e l e c t i o n  of t h e s e  two 
s i t e s  a s  s o u r c e  w a s t e s  was i n f l u e n c e d  by s e v e r a l  f a c t o r s  i n c l u d i n g  a g e ,  
a c u t e  t o x i c i t y  of e x t r a c t s ,  and a c c e s s i b i l i t y  of l a r g e  amounts of t h e  
m a t e r i a l .  
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Cutaway side and top view of an ~ ~ r o ~  tank set up to generate a large volume of coal waste leachate. 

A d r a i n a g e  system c o n s t r u c t e d  of p l a s t i c  c o r r u g a t e d  and p e r f o r a t e d  p i p e  
was i n s t a l l e d  i n  each tank ( f i g .  3 ) ,  and f o u r  moni tor ing w e l l s  were 
even ly  p laced  i n  each  t ank .  The bottom of t h e  t a n k s  were each l i n e d  
w i t h  c h e r t  g r a v e l  ( t h e  Meramac Grave l ,  a  Miss i s s ipp ian-age  g r a v e l  of 
r e l a t i v e l y  i n e r t  chemical  composi t ion)  t o  e n s u r e  t h a t  t h e  d r a i n a g e  
sys tem would remain permeable,  Then each t ank  was f i l l e d  w i t h  6.53 kL 
( 7 2 5  g a l )  of de ion ized  w a t e r ,  complete ly  s a t u r a t i n g  t h e  s o l i d  was te  
( f i g e  3 ) ,  A t  t h e  bottom of each tank a  pump was connected t o  an o u t l e t  
t h a t  was f e d  by t h e  d r a i n a g e  system. The l e a c h a t e  was pumped a t  a  r a t e  
of 454 L /hr  (120 g a l / h r )  f o r  6 t o  7 hours  twice  a  week. The s o l u t i o n  
was r e c y c l e d  through t h e  was te  f o r  31 t o  36 weeks, forming a c i d i c  
l e a c h a t e s .  ' 
The l e a c h a t e  was pumped through po lye thy lene  t u b i n g  t o  a  d i s c h a r g e  p o i n t  
a t  t h e  t o p  of each t a n k ,  below t h e  s u r f a c e  of t h e  l e a c h a t e ,  Samples of 
t h e  l e a c h a t e  were p e r i o d i c a l l y  c o l l e c t e d  from t h e  bottom d r a i n ,  t h e  
s u r f a c e  of t h e  s o l u t i o n ,  and t h e  f o u r  moni to r ing  w e l l s  t o  a s s e s s  t h e  
compos i t iona l  v a r i a b i l i t y  w i t h i n  t h e  t anks .  

'gy d e f i n i t i o n ,  s o l u t i o n s  formed by shake prbcedures  such a s  t h e  ASTM-A 
and EP a r e  e x t r a c t s  and n o t  l e a c h a t e s ,  a l t h o u g h  t h e  terms e x t r a c t s  and 
l e a c h a t e s  a r e  o f t e n  used synonymously i n  t h e  l i t e r a t u r e .  S ince  t h e  
l i q u i d  phase was passed  through t h e  was tes  i n  t h e  LVGs, t h e  a c i d i c  
e f f l u e n t  was cons idered  a  t r u e  l e a c h a t e .  



Results 

R e p r e s e n t a t i v e  subsamples from t h e  seven w a s t e s  were used i n  t h e  
g e n e r a t i o n  of e x t r a c t s  by t h e  f o u r  shor t - t e rm shake p rocedures  (ASTM-A, 
ASTM-B, CAP, EP) and t h e  LTE procedure .  The r e s u l t s  of t h e  shor t - t e rm 
e x t r a c t i o n s ,  long-term e q u i l i b r a t i o n s ,  and t h e  two l a r g e  volume 
a p p l i c a t i o n s  a r e  g iven  i n  Appendix A. 

Although i t  i s  beyond t h e  scope of t h i s  p r o j e c t ,  t h e  t r i p l i c a t e  d a t a  
( n o t  shown) f o r  each waste  f o r  each  of t h e  shor t - t e rm shake p rocedures  
d i d  g i v e  some i n d i c a t i o n  of t h e  r e p r o d u c i b i l i t y  of t h e  methods. The 
l i m i t e d  amount of d a t a  does not  pe rmi t  s t a t i s t i c a l  a n a l y s i s  and a l s o ,  
t h e  r e p r o d u c i b i l i t y  of t h e  a n a l y t i c a l  methods used f o r  each aqueous 
c o n s t i t u e n t  would have t o  be e v a l u a t e d  and t aken  i n t o  account .  I n  most 
c a s e s ,  however, e i t h e r  t h e  ranges  of t h e  t r i p l i c a t e s  f e l l  w i t h i n  one 
s t a n d a r d  d e v i a t i o n  of t h e  mean, o r  t h e  means could  be regarded  as 
a c c u r a t e  t o  abou t  10 p e r c e n t ,  depending on t h e  c o n s t i t u e n t  and 
a n a l y t i c a l  c o n c e n t r a t i o n .  

There  have been s e v e r a l  s t u d i e s  aimed a t  e v a l u a t i n g  t h e  n a t u r e  of 
e x t r a c t i o n  methods (LGwenbach, 1978). Gul ledge and Webster  (1979) 
ana lyzed  t h e  p r e c i s i o n  and r e p r o d u c i b i l i t y  of t h e  ASTM-A, t h e  ASTM-B, 
and t h e  1J.S. EPAvs TEP o r  t o x i c a n t  e x t r a c t i o n  p rocedure ,  E p l e r  e t  a l .  
(1980)  conducted an e v a l u a t i o n  of t h e  EP u s i n g  a  wide v a r i e t y  of was te  
m a t e r i a l s .  S t u d i e s  by Cox e t  a l .  (1977) and Chu e t  a l .  (1976) i n d i c a t e d  
t h a t  s m a l l - s c a l e  l a b o r a t o r y  shake t e s t s  could  n o t  a c c u r a t e l y  s i m u l a t e  
t h e  f i e l d  l e a c h i n g  c h a r a c t e r i s t i c s  of c o a l  s t o r a g e  p i l e s .  Davis e t  a l .  
(1981) f u r t h e r  suppor ted  t h i s  conc lus ion  f o r  both  shor t - t e rm shake t e s t s  
and column l e a c h i n g  methods. They f u r t h e r  sugges ted  t h a t  t h e  d a t a  
c o l l e c t e d  from l a b o r a t o r y  p rocedures  would have t o  be normal ized w i t h  
r e l a t i o n  t o  t h e  s i z e  of t h e  s t o r a g e  p i l e  and t h e  d u r a t i o n  and i n t e n s i t y  
of r a i n f a l l  e v e n t s  b e f o r e  t h e  i n - s i t u  l e a c h a t e  q u a l i t y  could  be 
p r e d i c t e d  from t h e  l a b o r a t o r y  r e s u l t s .  On t h e  o t h e r  hand,  Wewerka e t  
a l .  (1978)  concluded t h a t  t h e  i n i t i a l  r e s u l t s  from column l e a c h i n g  
s t u d i e s  u s i n g  c o a l  r e f u s e  from t h e  I l l i n o i s  Bas in  were very  represen-  
t a t i v e  of i n - s i t u  l e a c h a t e s .  T h i s  comparison was made w i t h  d a t a  from 
a n o t h e r  s t u d y  (Mar t in ,  1974) ,  however, n o t  w i t h  l e a c h a t e s  from t h e  same 
p i l e s  from which t h e  e x t r a c t e d  m a t e r i a l  was c o l l e c t e d .  F u r t h e r  s t u d y  of 
l a b o r a t o r y  e x t r a c t i o n  p rocedures  and t h e i r  r e l a t i o n s h i p  t o  i n - s i t u  
l e a c h a t e s  i s  needed* 

It is  d i f f i c u l t  t o  g e n e r a l i z e  s o l u b i l i t y  t r e n d s  from e v a l u a t i n g  t h e  
shor t - t e rm procedures  i n  t h i s  s t u d y .  D i f f e r e n c e s  i n  t h e  amount s o l u t e  
p e r  gram of sample by each was te  may stem p r i n c i p a l l y  from d i f f e r e n c e s  
i n  pH and d i s s o l u t i o n  k i n e t i c s .  It i s  n o t  unreasonab le  t o  e x p e c t  t h a t  
s o l u t i o n  c o n c e n t r a t i o n s  w i l l  i n c r e a s e  w i t h  d e c r e a s i n g  pH where many 
aqueous m e t a l  i o n s  a r e  s t a b l e  i n  s o l u t i o n  and where t h e  s o l i d  sample may 
d i s s o l v e .  Thus, t h e  a c i d i c  e x t r a c t i o n s  such a s  EP (pH 5.0), CAP (pH 
4.1) ,  and ASTM-R (pH 3.1) would be expec ted  t o  p r o g r e s s i v e l y  e x t r a c t  
more (depending on f i n a l  pH) t h a n  t h e  non-acidic  ASTM-A procedure .  The 



Table 8 .  Solub le  c o n s t i t u e n t s :  range i n  pH 
and percent  e x t r a c t e d  from f o u r  types  
of s o l i d  wastes ,  us ing  four  shor t -  
term procedures.  

Coal c l ean ing  r e f u s e  Mine s o i l  KilnGas 
(WSNG, WSOG, OBG) &) a -(KG) 

Extracted (%) 

A 1  0.08-  3.7 

Ca 22.4 -80.0 

Fe 0.04-28.0 

Mg 22 .0  -52.4 

Mn 10.7 -23.5 

N i  9.2 -24.9 

s o 4  2.6 -31.3 

Zn 2.7 -28.0 

' a l l  or most of t h e  a n a l y t i c a l  concen t ra t ions  were below d e t e c t i o n  
1 i m i t  s  . 

ranges  i n  pH and t h e  p e r c e n t  e x t r a c t e d  f o r  s e l e c t e d  e lements  f o r  each of 
t h e  f o u r  t y p e s  of was tes  by t h e  f o u r  shor t - term procedures  a r e  p resen ted  
i n  t a b l e  8. Magnesium a p p e a r s  t o  be t h e  on ly  c o n s t i t u e n t  t h a t  was 
e s s e n t i a l l y  s o l u b l e  i n  a l l  seven wastes  by a11 f o u r  shor t - t e rm 
procedures .  The s l u r r y  sample r e l e a s e d  s u b s t a n t i a l  amounts ( g r e a t e r  
t h a n  35% of t h e  m a t r i c  c o n c e n t r a t i o n )  of Mn, N i ,  and Zn independent  of 
t h e  e x t r a c t i o n  procedure .  These anomalously h i g h  s o l u b i l i t e s  w a r r a n t  
f u r t h e r  s tudy .  

Unl ike  t h e  shor t - t e rm e x t r a c t s ,  t h e  long-term e q u i l i b r a t e s  (LTEs) 
p e r m i t t e d  t h e  s t u d y  of changes i n  chemical  composi t ion w i t h  t ime.  These 
LTEs were c a r r i e d  ou t  f o r  20 t o  21 weeks, a t  which t ime t h e  exper iments  
were t e r m i n a t e d  and t h e  r e s u l t i n g  e x t r a c t s  used i n  t h e  t o x i c i t y  
c h a r a c t e r i z a t i o n s .  During t h e  e x t r a c t i o n  i n t e r v a l ,  subsamples were 
p e r i o d i c a l l y  t a k e n  t o  moni tor  t h e  chemical  s t a t u s  of t h e  s o l u t i o n s B  The 
composi t ion of t h e  LTEs when t h e  exper iments  were t e r m i n a t e d  i s  g iven  i n  
t a b l e  9. 

The pHs of t h e  s l u r r y  and r e f u s e  samples were a c i d i c  presumably a s  a 
r e s u l t  of s o l u b l e  A 1  s a l t s ,  exchangeable  A l ,  and t h e  o x i d a t i o n  of 
s u l f i d e  m i n e r a l s ;  whereas Ki lngas  samples genera ted  an a l k a l i n e  
s o l u t i o n .  The pH of many f l y - a s h  w a t e r  sys tems i s  a l k a l i n e  and h a s  been 
a t t r i b u t e d  t o  t h e  h y d r o l y s i s  of m a t r i x  ox ides  ( T a l b o t ,  Anderson, and 
Adren, 1978; Shannon and F i n e ,  1974; Elseewi ,  Page, and G r i m m ,  1980).  



Table 9 .  Chemical a n a l y s i s  of t h e  long-term e q u i l i b r a t e s  
(LTEs) a f t e r  147 days of e q u i l i b r a t i o n  
( concen t ra t ions  i n  m g / ~ ) .  

- --. 

WSNG WSOG OBG WSSL DMNS DMOS KG 

' r e l a t i v e  t o  a  normal hydrogen e l ec t rode .  

2concen t ra t ion  could not  be determined due t o  s p e c t r a l  i n t e r f e r e n c e s  
( w e  Appendix B) .  

Roy and G r i f f i n  (1984)' i n c o r p o r a t e d  t h i s  conc lus ion  i n t o  a  q u a l i t a t i v e  
model of f l y  ash-water i n t e r a c t i o n s  t h a t  accounted f o r  changes i n  
s o l u t i o n  chemis t ry  a s  a  f u n c t i o n  of t ime .  Analogous i n v e s t i g a t i o n s  w i t h  
c o a l  convers ion  was tes  a r e  l a c k i n g .  

The pHs of t h e  LTE e x t r a c t s  of t h e  seven was tes  ( f i g .  4 )  were 
e s s e n t i l a l y  c o n s t a n t  a f t e r  two weeks of e q u i l i b r a t i o n .  However, pH may 
n o t  be a  c o n c l u s i v e  parameter  t o  e v a l u a t e  t h e  development of chemical  
e q u i l i b r i u m  o r  a  meta-s table  e q u i l i b r i u m  i n  aqueous systems. The 
c o n c e n t r a t i o n s  of i r o n  i n  t h e  f o u r  a c i d i c  e x t r a c t s  (OBG, WSNG, WSOG, and 
WSSL) v a r i e d  t o  a  g r e a t e r  e x t e n t  than  t h e  cor responding  pHs ( f i g .  5) .  
S o l u t i o n  Fe was s t i l l  i n c r e a s i n g  i n  t h e  LTE e x t r a c t  of WSSL a f t e r  20 
weeks. S u l f a t e  c o n c e n t r a t i o n s  ( f i g .  6 )  appeared t o  r e a c h  s t e a d y  s t a t e  
c o n d i t i o n s  a f t e r  about  a  week i n  t h e  a l k a l i n e  s o l u t i o n s ,  but  con t inued  



Table 10, Total organic-carbon content (mg/L) of generated leachates. 

Method 

Sample ASTM-A' ASTM-B~ CAP' EP LTE 

WSOG 

WSNG 

OBG 

WSSL 

DM0 S 

DMNS 

KG 

Blank 

'values corrected for blank. 
'values not corrected for blank. 
3value for sample less than blank. 

t o  i n c r e a s e  i n  t h e  a c i d i c  systems u n t i l  reaching s t eady  s t a t e  cond i t i ons  
a f t e r  about 11 weeks, Aluminum concen t r a t i ons  became e s s e n t i a l l y  
i n v a r i a n t  i n  t h e  WSOG and OBG e x t r a c t s  a f t e r  about 10 weeks ( f i g .  7 ) ;  
bu t  aluminum continued t o  go i n t o  s o l u t i o n  i n  t h e  LTE e x t r a c t s  of WSNG 
and WSSL throughout t h e  e x t r a c t i o n  i n t e r v a l ,  The amount of s o l u t i o n  
s i l i c o n  i n  t h e  WSNG and WSSL e x t r a c t s  ( f i g ,  8) p a r a l l e l e d  aluminum i n  
t h a t  t h e  s i l i c o n  concen t r a t i ons  had not  reached i n v a r i a n t  l e v e l s  bu t  
were s t e a d i l y  i nc r ea s ing .  I n  c o n t r a s t ,  t h e  amount of so lub l e  s i l i c o n  i n  
t h e  a l k a l i n e  samples decreased w i th  t ime even though t h e  pHs of t h e s e  
s o l u t i o n s  remained a l k a l i n e .  A p l o t  of e l e c t r i c a l  conductance a s  a  
f u n c t i o n  of t ime ( f i g ,  9 )  i n d i c a t e d  t h a t  t h e  a c i d i c  systems (OBG,  WSOG, 
WSSL, and WSNG) had not  reached equ i l i b r i um a f t e r  21 weeks; whereas t he  
a l k a l i n e  systems appeared t o  have reached s t eady  s t a t e  cond i t i ons  w i t h  
r e s p e c t  t o  t he  i o n i c  composition of t he  s o l u t i o n s .  

D o  R. Dickerson and R. A. G r i f f i n  

The t o t a l  o rgan i c  carbon (TOC) content  of t h e  l a b o r a t o r y  e x t r a c t s  
genera ted  by t h e  ASTM-A, ASTM-B, carbonic  a c i d  procedure (CAP),  U.S. EPA 
E x t r a c t i o n  Procedure ( E P ) ,  and long-term e q u i l i b r a t i o n  (LTE) was 
determined f o r  each of t h e  seven s o l i d  was tes  ( t a b l e  l o ) ,  The e x t r a c t s  
genera ted  by t h e  ASTM-A and LTE methods presen ted  no p a r t i c u l a r  problem 
f o r  r o u t i n e  TOC a n a l y s i s .  
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Figure 4 
Changes in pH for all seven long-term equilibrations. 













The CAP e x t r a c t s  were genera ted  u s i n g  w a t e r  s a t u r a t e d  w i t h  carbon 
d i o x i d e ,  a s  p r e v i o u s l y  d i s c u s s e d .  To de te rmine  t h e  TOC v a l u e s  f o r  t h i s  
s e t  of s o l u t i o n s ,  i t  was necessa ry  t o  f i r s t  determine t o t a l  carbon,  then  
remove t h e  i n o r g a n i c  carbon by a n  a c i d  s p a r g e ,  and f o l l o w  w i t h  a  second 
t o t a l  carbon a n a l y s i s .  Thus, t h e  second t o t a l  carbon va lue  i s  a l s o  t h e  
t o t a l  organic-carbon v a l u e .  The i n o r g a n i c  carbon i s  t h e  d i f f e r e n c e  
between t h e  f i r s t  and second t o t a l  carbon va lues .  

The EP n e c e s s i t a t e d  t h e  a d d i t i o n  of o r g a n i c  m a t t e r  v i a  t h e  b u f f e r i n g  
s o l u t i o n .  T h e o r e t i c a l l y ,  it should have been p o s s i b l e  t o  determine t h e  
TOC v a l u e  of t h e  leached o r g a n i c  m a t t e r  by c o r r e c t i n g  f o r  t h e  amount of 
a c e t i c  a c i d  added. T h i s  would appear  t o  be v a l i d  f o r  t h e  KG e x t r a c t ,  
where a  r e a s o n a b l e  TOC was o b t a i n e d .  However, t h e  TOC v a l u e s  determined 
f o r  t h e  DMOS and DMNS e x t r a c t s  were on ly  about one-half t h e  t h e o r e t -  
i c a l l y  expec ted  v a l u e  c a l c u l a t e d  f o r  t h e  added a c e t i c  a c i d .  The TOC 
v a l u e s  o b t a i n e d  f o r  t h e  WSOG and WSSL e x t r a c t s  (no a c e t i c  a c i d  added) 
would be expec ted  t o  be s i m i l a r  i n  v a l u e  t o  t h o s e  o b t a i n e d  f o r  t h e  ASTM- 
A e x t r a c t s ,  However, f o r  p o o r l y  unders tood r e a s o n s ,  they  a r e  about  an 
o r d e r  of magnitude g r e a t e r .  

The ASTM-B e x t r a c t s  were a l s o  prepared u s i n g  an a c e t a t e  b u f f e r  system; 
t h u s  t h e  r e s u l t s  shou ld  be i n t e r p r e t e d  a s  sugges ted  f o r  t h e  EP 
e x t r a c t s -  The r e s u l t s ,  however, were somewhat e r r a t i c  and showed t h e  
blank t o  have a  s l i g h t l y  h i g h e r  TOC v a l u e  than  any of t h e  sample 
e x t r a c t s .  T h i s  may have been due i n  p a r t  t o  exper imenta l  e r r o r  i n  
a t t e m p t i n g  t o  f i n d  a s m a l l  d i f f e r e n c e  between two l a r g e  numbers. It was 
more l i k e l y  due t o  m i c r o b i a l  u t i l i z a t i o n  of some of t h e  a c e t a t e  b u f f e r ,  
which i s  an e x c e l l e n t  s u b s t r a t e  f o r  m i c r o b i a l  growth. 

The r e s u l t s  of t h e  t o t a l  chromatographable o r g a n i c s  (TCO) and g r a v i -  
m e t r i c  a n a l y s e s  of t h e  methylene c h l o r i d e  (CH2C12) e x t r a c t s  of t h e  
s o l u t i o n s  g e n e r a t e d  from t h e  s o l i d  w a s t e s  a r e  g iven  i n  t a b l e  11. The 
r e s u l t s  i n d i c a t e  t h a t  t h e  TCO l e v e l s  i n  t h e  l i q u i d  phases  were below t h e  
d e t e c t i o n  l i m i t s  of t h e  recommended EPA method and c a l i b r a t i o n  range.  
The GRAV a n a l y s i s  y i e l d e d  on ly  very smal l  amounts of e x t r a c t e d  o r g a n i c s  
( t a b l e  l l ) ,  c o n s i s t e n t  w i t h  t h e  low TOC c o n t e n t  of t h e  e x t r a c t s .  

The i n f r a r e d  ( IR)  s p e c t r a  obta ined f o r  t h e  C H 2 C l  e x t r a c t s  were a l l  ve ry  
s i m i l a r ,  a l t h o u g h  f i v e  d i s s i m i l a r  e x t r a c t i o n  metzods and seven d i f f e r e n t  
s o l i d  was te  m a t e r i a l s  were used ( f i g .  10, f o r  example). The main 
a b s o r p t i o n  bands were i n  t h e  r e g i o n s  of 3400 cm-l (H-bonded OH g r o u p s ) ,  
2900 c m l  ( a l i p h a t i c  C-H s t r e t c h i n g ) ,  1735 cm-l (C=O s t r e t c h i n g  of COOH, 
-COOR, o r  k e t o n i c  C-O), 1610 cm-l ( a r o m a t i c  C=C and /or  H-bonded C=O), 
1510 cm-I ( a r o m a t i c  C=C), 1460 cm-' (C-H deformat ion of CH2 o r  CH3 
g r o u p s ) ,  1365 cm-' (0-H deformat ion ,  CH3 bending,  o r  C-0 s t r e t c h i n g ) ,  
1250 cm-' (C-0 of e t h e r  l i n k a g e ) ,  1100 cm-l (ve ry  broad and unreso lved  
due t o  a  mix of C-0, C-0-H l i n k a g e s  of a l c o h o l s ,  e s t e r s ,  and e t h e r s ) ,  



Table 11. Total chromatographable organics and gravimetric 
analysis of methylene chloride (CH2C12) extraction 
of coal waste extracts. 

Extraction Extract CH2C12 TCO Gravimetric 
Sample met hod (L) (L) h g  /L (g /L)  

Blank 
WSOG 
WSSL 
WSNG 
DMNS 
DM0 S 
KG 
OBG 

Blank 
WSOG 
WSSL 
WSNG 
DMNS 
DMOS 
KG 
OBG 

Blank 
WSOG 
WSSL 
WSNG 
DMNS 
DM0 S 
KG 
OBG 

Blank 
WSOG 
WSSL 
WSNG 
DrnS 
DMOS 
KG 
OBG 

WSOG 
WS SL 
WSNG 
DMN S 
DMOS 
KG 
OBG 

ASTM-A 

ASTM-B 

CAP 

LTE 



Cm- ' ISGS 1984 

Figure 10 
Infrared spectra of the organics extracted by CH2 C12 from extracts of WSSL generated by these methods: 
(a) LTE, (b) ASTM-A, (c) EP, (d) CAP, (e) ASTM-B. 

and 800 cm-' (a romat ic  s u b s t i t u t i o n ) .  The gene ra l  shape of t h e  
conglomerate of peaks i n  t he  3600 cm-' t o  2700 cm-' reg ions  i n d i c a t e d  
t h e  presence of c a rboxy l i c  a c i d  groups,  which should a l s o  be r e f l e c t e d  
i n  t h e  1735 cm-' peak. Peaks i n  t he  1800 cm-' t o  1600 cm-' range may 
a l s o  be enhanced by over tone  and summation peaks. 

From the  f u n c t i o n a l  groups i n d i c a t e d  by t he  I R  s p e c t r a ,  t h e  organ ics  
con ta ined  i n  t h e  e x t r a c t s  were of a  h igh ly  po l a r  n a t u r e ,  a s  expected i n  
an aqueous e x t r a c t .  Since t he se  organ ics  a r e  der ived  from c o a l  s o l i d  
was t e s ,  i t  i s  l i k e l y  t h a t  some may be inc luded  on t h e  EPA p r i o r i t y  



Table 1 2 .  T o t a l  chromatographable o rgan ics  and g r a v i m e t r i c '  
a n a l y s i s  of t h e  methylene c h l o r i d e  (CH2C12) 
e x t r a c t i o n  of c o a l  s o l i d  wastes.  Values expressed 
f o r  TCO a r e  based on d u p l i c a t e  runs  and computed 
from a  s tandard curve.  Er ro r  i s  es t imated a s  ? 10%. 

Sample CH2C12 TCO Gravimetric 
Sol id  (8 )  (L) (mg/kg) (g/kg) 

WSNG 

WSOG 

OBG 

WSSL 

DMNS 

DMOS 

KG 

Solvent 

'not analyzed. 

21ess  than d e t e c t a b l e  l i m i t .  

3mixed wi th  equa l  weight of organic  f r e e  s i l i c a  
be fo re  e x t r a c t  ion.  

p o l l u t a n t  l i s t .  They do n o t ,  however, appear  t o  be i n  concen t r a t i ons  
considered t o  be hazardous,  a l though long-term accumulation may i n c r e a s e  
concen t r a t i ons  t o  hazardous l e v e l s .  

Characterization of ganics Extracte e Coal Solid Wastes 

The s o x h l e t  e x t r a c t i o n  of c o a l  s o l i d  was tes  WSOG, WSNG, WSSL, and OBG 
presen ted  cons ide rab l e  d i f f i c u l t y .  These fou r  s o l i d  wastes  each 
contained more than  20 percen t  o rgan i c  carbon ( t a b l e  3 ) ,  which appar- 
e n t l y  brought about t h e  problem. Only a  smal l  p a r t  of t h e  organ ic  
ma t t e r  was s o l u b l e  i n  CH2C12. The combination of ano ther  p a r t  of t h e  
o rgan i c  m a t e r i a l  and t h e  CH2C12 was a  "tacky" semiso l id .  This  l a t t e r  
combination tended t o  p lug  t h e  e x t r a c t i o n  thimble and t o  render  t h e  bed 
of s o l i d  waste impervious t o  t h e  bulk of t he  CH2C12.  Hence, dur ing  each 
cyc l e  t h e  ma jo r i t y  of t h e  so lven t  flowed over  r a t h e r  than  through t h e  
thimble  of s o l i d  waste.  Three wastes (KG, DMOS, and DMNS), which 
conta ined  l e s s  than  5 percen t  o rgan i c  carbon ( t a b l e  12) p resen ted  none 
of t h e  above e x t r a c t i o n  problems. 



Table 13.  Elemental  s u l f u r  con ten t  of t h e  methglene 
c h l o r i d e  (CH2C12) e x t r a c t s  of t h e  c o a l  
s o l i d  wastes .  

-- - - --- 

Sample Su l fu r  (wt %) 

W SOG 34 .3  (e lemental  a n a l y s i s )  

WSNG 4.2  (elemental  a n a l y s i s )  

OBG <50 - ( ca lcu la ted  by d i f f e r e n c e )  

WSSL Not determined 

DMOS <20 - ( ca lcu la ted  by d i f f e r e n c e )  

DMNS <I7 - ( ca lcu la ted  by d i f f e r e n c e )  

KG <9 1 - ( ca lcu la ted  by d i f f e r e n c e )  

I n  a n  a t t e m p t  t o  c i rcumvent  t h i s  problem, a  s m a l l e r  q u a n t i t y ,  50 t o  
75 g ,  of c o a l  s o l i d  was te  (OBG and WSSL) was d i l u t e d  w i t h  an e q u a l  
weight  of o rgan ic - f ree  s i l i c a  sand b e f o r e  e x t r a c t i o n ,  Th is  method 
worked very  w e l l  f o r  t h e  OBG s o l i d  was te  (about  14% o r g a n i c  C), bu t  l e s s  
w e l l  f o r  t h e  WSSL was te  (57% o r g a n i c  C). Th i s  f a c t  i n d i c a t e s  a  need f o r  ' 

a g r e a t e r  d i l u t i o n  (wi th  an i n e r t  m a t e r i a l )  of wastes  w i t h  a  h igh  
o r g a n i c  carbon c o n t e n t ,  

The C H 2 C l  e x t r a c t s  of t h e  s o l i d  was tes  were found t o  c o n t a i n  v a r y i n g  
amounts o f  e l e m e n t a l  s u l f u r  ( t a b l e  13) .  The p resence  of e l e m e n t a l  
s u l f u r  was confirmed by a  m e l t i n g  point-mixed m e l t i n g  p o i n t  t echn ique .  
The f r e e  s u l f u r  was removed by p a s s i n g  t h e  e x t r a c t  i n  s o l u t i o n  through a  
s e p a r a t e  column of a c t i v a t e d  copper (Blumer, 1957) o r  by packing t h e  
lower 5 c m  of t h e  l i q u i d  chromatography (LC) column w i t h  a c t i v a t e d  
copper .  The q u a n t i t y  of e lementa l  s u l f u r  i n  t h e  CH2C12  e x t r a c t s  of 
w a s t e s  DMOS, DMNS, OBG, and KG ( t a b l e  13) were e s t i m a t e d  from t h e  
p e r c e n t  e x t r a c t  recovered from t h e  LC column. The s u l f u r  con ten t  of 
t h e  C H 2 C 1 2  e x t r a c t s  of WSOG and WSNG ( t a b l e  13) was determined by t h e  
ASTM method. 

A f t e r  e x t r a c t i o n  and,  where necessa ry ,  f i l t r a t i o n ,  a n a l y s e s  were 
con t inued  a s  s p e c i f i e d  by t h e  U,S. EPA (1978).  The t o t a l  chromato- 
g r a p h a b l e  o r g a n i c  (TCO) was determined a s  p r e s c r i b e d  i n  t h e  Level  I 
Manual; e x c e p t  t h a t  a f t e r  many t r i a l s ,  i t  was determined t h a t  a 3 
p e r c e n t  l o a d i n g  of SF 2100 (Supelco,  Inc . ,  B e l l e f a n t e ,  PA) gave b e t t e r  
r e s o l u t i o n  w i t h  t h e  chromatograph than  d i d  e i t h e r  a  10 p e r c e n t  l o a d i n g  
of SP 2100, o r  of OV-101 a s  recommended i n  t h e  Level I procedures ,  



Figure 11 
Infrared spectrum of the methylene chloride (CH2C12) extraction of the OBG solid waste. 

The r e s u l t s  of t h e  TCO ana ly se s  a r e  g iven  a s  mi l l ig ram TCO per  ki logram 
of s o l i d  waste  i n  t a b l e  12. Also shown i n  t a b l e  12 a r e  t h e  grams of 
o rgan i c  ma t t e r  e x t r a c t e d  pe r  ki logram of s o l i d  waste .  Except f o r  t h e  
DMNS and DMOS (which a r e  Pow i n  t o t a l  o rgan ic  carbon) ,  t h e  t o t a l  
chromatographable o rgan i c s  a r e  2 percen t  o r  l e s s  of t h e  t o t a l  e x t r a c t e d  
o rgan i c  (g r av ime t r i c  i n  t a b l e  12) ,  

The i n f r a r e d  s p e c t r a  of t he  CH2C12 e x t r a c t s  of t h e  coa l  s o l i d  wastes  d id  
no t  g e n e r a l l y  show w e l l  reso lved  peaks due t o  t h e  myriad of o rgan i c  
compounds wi th  vary ing  f u n c t i o n a l  groups t h a t  can be e x t r a c t e d  from a 
c o a l  waste .  The i n f r a r e d  spectrum of t h e  C H 2 C 1 2  e x t r a c t  of t h e  OBG 
s o l i d  waste  i s  dep ic ted  i n  f i g u r e  11. This  spectrum is  much b e t t e r  
reso lved  than  t h e  s p e c t r a  of t h e  o t h e r  was tes .  D i sce rn ib l e  i n  t h i s  
spectrum a r e  peaks a t  3350 cm-' (H-bonded OH and/or  NH21, 3040-3020 cm-' 
(naphthalene-type a romat ic  C-H) 2950, 2925 and 2860 cm ( a l i p h a t i c  C-H 
s t r e t c h i n g ) ,  1800-1700 cm-' (C=O s t r e t c h i n g  of COOH, -COOR, o r  k e t o n i c  
C=O), 1600 and 1500 cm-' (a romat ic  C=C), 1460 cm-' (C-H deformat ion 
of CH2 o r  CH3 groups) ,  1356 cm-' (CH3 bending, o r  C-0 s t r e t c h i n g ) ,  
1300 cm-' t o  1000 cm-' (unresolved C-0, C-0-H l i nkages  of a l c o h o l s ,  
e s t e r s  and e t h e r s ) ,  870, 810 and 740 cm-' (a romat ic  s u b s t i t u t i o n ) .  The 
C H 2 C 1 2  e x t r a c t s  of t h e  o t h e r  s o l i d  wastes  a r e  g e n e r a l l y  s i m i l a r ,  bu t  
peaks were l e s s  w e l l  reso lved .  

Liquid mrontatography of the 
of the Coal 

A por t i on  of t h e  CH2C12  e x t r a c t a b l e  mat te r  from each s o l i d  waste  was 
s epa ra t ed  f u r t h e r  i n t o  seven f r a c t i o n s ,  us ing  l i q u i d  column chromato- 
graphy (LC). Each f r a c t i o n  was analyzed f o r  TCO conten t  and t o t a l  
g r av ime t r i c  o rgan i c  conten t .  



Table 14. Gravimetric (GRAV) analysis of liquid chromatography 
fractions from methylene chloride (CH2C12) extracts 
of the solid wastes. 

Fraction (mg) WSNG WSOG OBG WSSL DMNS DMOS KG 

Total LC 

LC 1 

LC 2 

LC 3 

LC 4 

LC 5 

LC 6 

LC 7 

Recovered 

Recovered (%) 110.4 112.3 77.2 7 7 - 7  82.4 79.6 103.6 

The LC.ana lyses  were run  on samples WSNG and WSOG b e f o r e  d i s c o v e r i n g  
t h a t  t h e  e x t r a c t  was contaminated w i t h  l a r g e  q u a n t i t i e s  of " f r e e "  
s u l f u r .  Some unforeseen  e f f e c t s  of t h i s  s u l f u r  may p a r t i a l l y  account  
f o r  t h e  g r e a t e r  than  100 percen t  recovery of t h e  CH2C12 e x t r a c t a b l e  
m a t t e r  from t h e  LC columns f o r  t h e s e  two samples.  For t h e s e  two 
samples ,  t h e  TCO q u a n t i t y  was below t h e  d e t e c t a b l e  l i m i t s  of t h e  method 
and c a l j  b r a t i o n  range used.  

The f r e e  s u l f u r  was removed from t h e  WSSL, DMNS, DMOS, and OBG by 
p a s s i n g  t h e  d i s s o l v e d  f r a c t i o n  over  f r e s h l y  p repared ,  reduced coppe; 
powder a s  p a r t  of t h e  LC column packing.  The recovery of m a t e r i a l  from 
t h e  LC column f o r  t h e s e  samples was l e s s  t h a n  t h e  amount loaded o n t o  t h e  
column. The g r e a t e r  p a r t  of t h e  amount l o s t  was assumed t o  be due t o  
t h e  amount of f r e e  s u l f u r  removed by t h e  a c t i v a t e d  copper i n  t h e  
packing.  

The TCO was determined on a l l  f r a c t i o n s  from t h e  LC runs .  I n  on ly  t h e  
f i r s t  t h r e e  LC f r a c t i o n s  s f  each  s e t  was t h e r e  any determined v a l u e  f o r  
TCO t h a t  was above t h e  lower d e t e c t i o n  l i m i t s  of t h e  c a l i b r a t i o n  
curve.  S i n c e  t h e s e  v a l u e s ,  a l t h o u g h  p o s i t i v e ,  a r e  s o  c l o s e  t o  t h e  lower  
d e t e c t i o n  l i m i t ,  t h e i r  v a l i d i t y  must be ques t ioned  a t  t h i s  t ime. Also,  
t h e  amount of TCO i s  r e l a t i v e l y  i n s i g n i f i c a n t  compared t o  t h e  
g r a v i m e t r i c  v a l u e s  ( t a b l e  14) .  I n  g e n e r a l ,  f r a c t i o n s  1, 3, and 6 
c o n t a i n e d  t h e  g r e a t e r  p o r t i o n s  of t h e  t o t a l  LC f r a c t i o n s :  LC f r a c t i o n  1 



conta ined  t h e  p a r a f f i n s ,  f r a c t i o n  3 t he  large a romat ics ,  and f r a c t i o n  6 
t h e  p o l a r  compounds. These o rgan i c  c l a s s e s  a r e  i n  keeping w i th  t he  type 
of s o l i d  waste  being e x t r a c t e d ,  

For  a l l  p r a c t i c a l  purposes ,  t h e  organ ics  found i n  t h e  wastes  o r i g i n a t e d  
from c o a l ,  and were q u i t e  s i m i l a r ,  Thus, t h e  LC ana ly se s  of only two 
was t e s ,  OBG and KG, w i l l  be d i s cus sed ,  Also,  i t  can be assumed t h a t  
most compounds found i n  one waste  w i l l  be found i n  t h e  o t h e r  was tes ,  a l -  
though concen t r a t i ons  may vary,  This  was confirmed by t he  i n f r a r e d  (IR) 
s p e c t r a  of t h e  CH C 1 2  e x t r a c t s ,  t y p i f i e d  by t h e  spectrum of t h e  C H 2 C 1 2  
e x t r a c t  of t he  0J3b s o l i d  waste ( f i g .  11).  A gross  i n t e r p r e t a t i o n  of t h e  
spectrum i n d i c a t e d  t h e  presence of a l i p h a t i c  ( s a t u r a t e d  and unsa tur -  
a t e d ) ,  a romat ic ,  and polyaromatic  compounds w i th  hydroxyl ,  amino, and 
carbonyl  ( e s t e r ,  ke tone ,  aldehyde, and carboxyl )  f u n c t i o n a l  groups.  

The I R  s p e c t r a  of t he  LC f r a c t i o n s  of t he  CH 61  e x t r a c t  of t h e  OBG 2 2 
s o l i d  waste  a r e  p resen ted  i n  f i g u r e  1 2 ,  They show a d i r e c t  i n c r e a s e  i n  
complexity a s  t he  e l u t i n g  so lven t  was made more p o l a r ,  It would appear  
t h a t  t h e  ma jo r i t y  of t h e  p o l a r  compounds . con ta in  oxygen f u n c t i o n a l  
groups.  Peaks f o r  n i t r o g e n  f u n c t i o n a l  groups were no doubt p resen t  
( s h i f t i n g  t o  s l i g h t l y  longer  wavelength of t h e  broad peak a t  3450 cm-l 
t o  3320 cm-l) but tended t o  be masked by o the r  peaks. 

The spectrum of LC-1 had a  weak peak a t  3050 cm-l, i n d i c a t i n g  unsa tur -  
a t i o n  r a t h e r  than a romat ic  compounds. Also t h e  peak a t  1268 cm-' and a t  
745 cm-l may i n d i c a t e  t -butyl-  and /or  iso-propyl-groups . The l a t t e r  may 
a l s o  be due t o  an a l i p h a t i c  chain -(CH),-, where n  equa l s  a t  l e a s t  4 .  
The spectrum of t h e  LC-6 f r a c t i o n  was almost i d e n t i c a l  t o  t h e  spectrum 
of t h e  t o t a l  CH2C1  e x t r a c t  ( f i g .  12).  Approximately 40 percen t  of t h e  
t o t a l  e x t r a c t  was found i n  LC-6, 

The CH2C12  e x t r a c t  of KG was sub jec ted  t o  a n a l y s i s  by high performance 
l i q u i d  chromatography (HPLC) and GC/MS. No n i t r o g e n  compounds were 
i d e n t i f i e d  by gas chromatography/mass spectrometry (GC/MS) i n  t h e  CH2C1 
e x t r a c t  of t h e  Kilngas r e s i d u e ,  The HPLC a n a l y s i s  of t h e  t o t a l  e x t r a c t -  
a b l e  o rgan ics  from KG was obtained wi th  to luene  a s  an i n t e r n a l  marker, 
There were two prominent peaks,  one preceding and another  fo l lowing  
t o luene .  The former i s  due t o  po l a r  compounds such a s  phenols ,  and t he  
l a t t e r  t o  d i -  and polyaromatic  hydrocarbons,  The HPLC a n a l y s i s  of LC-2 
showed e s s e n t i a l l y  a l l  t h e  compounds e l u t i n g  l a t e r  than t o luene  i n  t h e  
range expected f o r  naphthalene and a l k y l  s u b s t i t u t e d  naphtha lenes .  The 
HPLC a n a l y s i s  of LC-3 showed two smal l  peaks e l u t i n g  ahead of t o luene ,  
i n d i c a t i n g  few o r  no p o l a r  compounds i n  t h i s  f r a c t i o n ;  t h e  l a r g e r  
concen t r a t i on  of peaks were i n  t h e  e l u t i o n  range of nap tha lenes  and 
phenanthrenes.  F r a c t i o n s  LC-4 and LC-5 were combined before  HPLC 
a n a l y s i s  ; t h e  chromatogram showed the  ma jo r i t y  of compounds e l u t i n g  
l a t e r  than  t o luene .  Since t h e r e  was a  r e l a t i v e l y  s t r o n g  hydroxyl peak 
i n  t h e  I R  spectrum, one would expect  t he se  l a t e r  peaks t o  be due t o  
l a r g e r  molecular  weight phenols (2200) and t o  a r y l  e s t e r s ,  a s  w e l l  a s  
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Figure 12 
Infrared spectra of the liquid chromatography fractions of the methylene chloride (CH2Ci2) extract 
of OBG. 



polyaromat ics ,  The HPLC a n a l y s i s  of LC-6 showed a  l a r g e  envelope of 
e a r l y  e l u t i n g  peaks ,  a s  expec ted  f o r  h i g h l y  p o l a r  compounds, 

Tab le  15 l i s t s  a l l  compounds t e n t a t i v e l y  i d e n t i f i e d  by GC/MS i n  t h e  LC 
f r a c t i o n s  of t h e  CH C 1 2  e x t r a c t  of KG. The chromatogram of LC-1 (KG) 
showed a  l a r g e  envefope of bo th  unresolved and w e l l  r e s o l v e d  peaks 
e l u t i n g  i n  t h e  C 1 5  t o  C range;  t h e  major compounds i d e n t i f i e d  were 
most ly  n - p a r a f f i n s  ( t a b l e  15). I n  t h e  GC/MS chromatogram of LC-2, 36 
peaks  were ana lyzed ;  19 were i d e n t i f i e d  as a l k y l  s u b s t i t u t e d  benzenes 
and b i p h e n y l s ,  o r  acenaphthene,  I n  t h e  GC/MS a n a l y s i s  of f r a c t i o n  
r a t i o n  LC-3, 14  major peaks were i d e n t i f i e  a s  f u s e d  r i n g  a r o m a t i c s  w i t h  
a l k y l  s u b s t i t u t i o n s  i n  most c a s e s ,  The combined f r a c t i o n s  LC-4 and LC-5 
were n o t  ana lyzed  by GC/MS, Eleven of t h e  compounds i n  f r a c t i o n  LC-6 
were i d e n t i f i e d  by GC/MS: f i v e  of the peaks were due t o  p h t h a l a t e  
e s t e r s ;  two t h i o p h e n o l s  were a l s o  i d e n t i f i e d ,  

The aqueous e x t r a c t s  from t h e  s p o i l  banks and s o l i d  waste  may c o n t a i n  
some p h e n o l i c  and o t h e r  compounds ( p o l y a r o m a t i c  hydrocarbons)  t h a t  a r e  
on t h e  EPA p r i o r i t y  p o l l u t a n t  l i s t ,  None were i d e n t i f i e d  d i r e c t l y  i n  
t h e  o r g a n i c s  e x t r a c t e d  from t h e  aqueous e x t r a c t ;  however, t h e y  were 
i d e n t i f i e d  i n  t h e  o r g a n i c s  e x t r a c t e d  from t h e  s o l i d  c o a l  was tes  by an 
o r g a n i c  s o l v e n t ,  By i n f e r e n c e ,  t h o s e  t h a t  a r e  w a t e r  s o l u b l e  shou ld  be 
found i n  t h e  aqueous l e a c h a t e .  S ince  not  more t h a n  0.8 mg/L t o t a l  
o r g a n i c  m a t e r i a l  was e x t r a c t e d ,  and s i n c e  t e  TOC was a l s o  t h e  same 
o r d e r  of magnitude,  i t  seems d o u b t f u l  t h a t  any s i n g l e  p r i o r i t y  p o l l u t a n t  
would be p r e s e n t  i n  t h e  e x t r a c t s  i n  a q u a n t i t y  t h a t  would be hazardous .  

W. R. Roy and R,  A ,  G r i f f i n  

The a p p l i c a t i o n  of chemical  e q u i l i b r i u m  models can l e a d  t o  u s e f u l  
i n s i g h t s  i n t o  t h e  chemis t ry  of aqueous systems such a s  c o a l  w a s t e  
Peacha tes  o r  a c i d  mine d r a i n a g e .  However, t h e  r e s u l t s  of such modeling 
must be i n t e r p r e t e d  c a u t i o u s l y ,  The l a c k  of un i fo rm e x p e r i m e n t a l  
p rocedures  can r e s u l t  i n  d i s c r e p a n c i e s  i n  r e p o r t e d  v a l u e s  f o r  s o l u b i l i t y  
c o n s t a n t s  f o r  some m i n e r a l  phases ,  making t h e  d e t e r m i n a t i o n  of 
e q u i l i b r i u m  c o n t r o l s  d i f f i c u l t ,  Moreover, pure  minera l  compounds i n  
d i s t i l l e d  w a t e r  a r e  o f t e n  used t o  de te rmine  thermodynamic paramete rs  
t h a t  might n o t  be r e p r e s e n t a t i v e  of t h e s e  compounds when t h e y  a r e  
a s s o c i a t e d  w i t h  complex multicomponent m a t e r i a l s  such  a s  c o a l  s o l i d  
w a s t e s .  However, s o l u b i l i t y  models do p rov ide  a  f i r s t  approximat ion f o r  
u n d e r s t a n d i n g  t h e s e  complex s o l u t i o n s ,  

A s  a s t e p  towards unders tand ing  coal-waste aqueous s y s  terns, t h e  chemical  
a n a l y s e s  of l a b o r a t o r y  e x t r a c t s  and f i e l d  l e a c h a t e  samples were t r e a t e d  

, by t h e  thermodynamic model WATEQ2, T h i s  program uses  equ i l ib rdum 
c o n s t a n t s  t o  e s t i m a t e  t h e  t h e o r e t i c a l  a c t i v i t i e s  of aqueous s p e c i e s  and 



Table 15, Compounds identified by gas chromatography/mass spectrometry 
(GC/MS) in the liquid chromatography fractions (LC) of the 
methylene chloride (CH2c12) extract of the Kilngas residue. 

Fraction LC-] 

C s-Cyclohexane 

C16-Branched Alkane 

n-Hexadecane 

Clo-Cyclohexane 

n-He pt ade c ane 

Pristane (branched C1 9H40) 

n-Octadecane 

n-Nondecane 

n-E icosane 

n-Hene icos ane 

n-Docosane 

n-Tr icosane 

n-Te t racosane 

n-Pentacosane 

n-Hexacosane 

Fraction LC-2 

2 C1 -Naphthalenes 

5 C2-Naphthalenes 

C4-tetrahydronaphthalene 

5 C3-Naphthalenes 

8 C4-Naphthalenes 

C7-Benzene 

2 Acenaphthenes or 
C2-Biphenyls 

2 C3-Acenaphthenes or 
C3-Biphenyls 

Acenaphthene or C4-Biphenyl 

Fraction LC-3 

2 C2-Xaylithalenes 

3 C3-Naphthalenes 

3 C4-Naphthalenes 

Phenathrene 

C2 -Phenanthrene 

Cs-Phenanthrene 

Acenaphthene or C4-Biphenyl 

C1-Phenanthrene 

C4 -Phenanthrene 

Fraction LC-6 

2,6-Di-t-butyl benzoquinone 

C5-Thiophenol 

C6-Thiophenol 

Diethyl phthalate 

Methoxyanthracene 

Substituted cychohexane 

2 $4-&- ( I-Methyl butyl) phenol 

Phthalate (di-isobutyl?) 

Phthalate (d i-butyl? ) 

Phthalate (diethyl hexyl?) 

Phthalate 

c a l c u l a t e s  t h e  s a t u r a t i o n  i n d i c i e s  f o r  309 m i n e r a l s .  The t h e o r y  of 
WATEQ2 and i t s  computer implementa t ion a r e  d i s c u s s e d  e l sewhere  
( T r u e s d e l l  and J o n e s ,  1974; Plummer e t  a l e ,  1976; B a l l  e t  a l e ,  1979) ,  

A s  p r e v i o u s l y  d i s c u s s e d ,  subsamples of t h e  LTE e x t r a c t s  were taken  w i t h  
t i m e  and ana lyzed .  The a n a l y t i c a l  d a t a  from t h e s e  samples  were 
s u b m i t t e d  t o  t h e  WATEQ2 program. The r e s u l t s  of t h e  WATEQ2 program were 



s u b s e q u e n t l y  used a s  an a i d  i n  c o n s t r u c t i n g  s o l u b i l i t y  d iagrams,  I n  
a d d i t i o n  t o  t h e  LTEs, t h e  chemical  composi t ion of t h e  ASTM-A e x t r a c t s  
was a l s o  modeled u s i n g  t h e  f i n a l  composit ion a t  t h e  end of t h e  48-hour 
e x t r a c t i o n  i n t e r v a l .  

To p rov ide  a  l i m i t e d  b a s i s  f o r  comparison, f i e l d  samples of waste  
s t r e a m s  a t  t h e  Old Ben No. 9 mine s i t e  and t h e  W i l l  S c a r l e t t  mine s i t e  
were a l s o  c o l l e c t e d  and modeled u s i n g  WATEQ2. Two samples were 
c o l l e c t e d  from t h e  OBG s i t e :  one was a  sample of a c i d  mine d r a i n a g e ,  
f lowing  from t h e  base  of a  r e f u s e  p i l e  i n t o  a  manmade bas in .  The second 
sample was t a k e n  from t h e  ponded e f f l u e n t .  The chemical  a n a l y s i s  of 
t h e s e  samples ( t a b l e  16)  i n d i c a t e d  t h a t  they were a c i d i c  and con ta ined  
h i g h  c o n c e n t r a t i o n s  of Fe, A l ,  and ~ 0 ~ ~ ~ .  The s o l i d  was te  sample used 
t o  g e n e r a t e  t h e  l a b o r a t o r y  e x t r a c t s  was t aken  a t  t h e  same l o c a t i o n  from 
t h e  r e f u s e  p i l e  t h a t  g e n e r a t e d  t h e  two e f f l u e n t  samples ,  

Three f i e l d  samples were t aken  a t  t h e  W i l l  S c a r l e t t  mine. One sample 
was of e f f l u e n t  from a r i d g e  of c o a l  c l e a n i n g  r e f u s e  where t h e  WSOG 
sample was c o l l e c t e d .  A second sample was c o l l e c t e d  from a  s l u r r y  
lagoon downstream from a n  a c t i v e  d i s c h a r g e  p ipe .  The h i g h  water- to-  
was te  r a t i o  may account  f o r  t h e  low i r o n  and ~ 0 ~ ~ -  c o n c e n t r a t i o n s  ( t a b l e  
16) observed a t  t h e  s i t e ,  r e l a t i v e  t o  t h e  o t h e r  samples.  A sample of 
s t a g n a n t  e f f l u e n t  from an i n a c t i v e  s l u r r y  b a s i n  ( t a b l e  16)  con ta ined  68 
t i m e s  more i r o n  i n  s o l u t i o n  t h a n  t h e  c u r r e n t  b a s i n  and a  lower pH. The 
i n a c t i v e  lagoon was e s t i m a t e d  t o  be about  40 y e a r s  o l d ;  t h e  d i f f e r e n c e s  
i n  chemical  composi t ion between t h e  two s i t e s  may be a  f u n c t i o n  of t h e  
water-to-waste r a t i o s ,  p a r e n t  waste  v a r i a t i o n ,  and d u r a t i o n  of p y r i t e  
d i s s o l u t i o n  and a c i d  fo rmat ion ,  N e i t h e r  s i t e  cor responds  t o  t h e  s l u r r y  
sample t a k e n  f o r  t h e  l a b o r a t o r y  e x t r a c t s  (WSSL) because t h a t  p a r t i c u l a r  
b a s i n  was d r y  a t  t h e  t ime  of sampling.  A l l  t h r e e  s l u r r y  d e p o s i t s  were 
i n  p rox imi ty  t o  one a n o t h e r .  

While t h e  samples s u g g e s t  t h e  composi t ion and v a r i a b i l i t y  of waste  
s t r e a m s  i n  t h e  f i e l d ,  t h e y  were n o t  c o l l e c t e d  i n  an a t t e m p t  t o  
c h a r a c t e r i z e  a c i d  mine d r a i n a g e  i n  t h e  two mining areas--an o b j e c t i v e  
w e l l  beyond t h e  scope of t h i s  i n v e s t i g a t i o n .  These samples were  
c o l l e c t e d  t o  e v a l u a t e  t h e  s o l u b i l i t y  r e l a t i o n s  p r e d i c t e d  by WATEQ2 f o r  
l a b o r a t o r y  e x t r a c t s ,  r e l a t i v e  t o  some a c t u a l  f i e l d  was te  sys tems.  

The a c i d i c  s o l u t i o n s ,  both  l a b o r a t o r y  and f i e l d  samples,  tended t o  be i n  
e q u i l i b r i u m  w i t h  a  ca lc ium s u l f a t e  (CaS04) phase ( f i g .  13). Th is  may be 
t r u e  f o r  most s o l u t i o n s  i n f l u e n c e d  by a c i d i c  c o a l  s o l i d  w a s t e s ,  G r i f f i n  
e t  a l e  (1980) found t h a t  t h r e e  Lurg i  a s h e s ,  a  medium-temperature c h a r ,  
and a  l i q u e f a c t i o n  r e s i d u e  were g e n e r a l l y  i n  e q u i l i b r i u m  w i t h  gypsum 
(CaS04*2H20); whereas a  f l y  a s h  sample ( a n  a c i d  F e r s i c  by t h e  
c l a s s i f i c a t i o n  system of Roy and G r i f f i n ,  1982) and a  h i g h - s u l f u r ,  
c l e a n i n g  r e f u s e  sample were i n  e q u i l i b r i u m  w i t h  gypsum i n  long-term 
e q u i l i b r a t e d  e x t r a c t s .  Roy and G r i f f i n  (1984) a l s o  no ted  t h a t  both  
a c i d i c  and a l k a l i n e  c o a l  f l y  a s h  e x t r a c t s  from I l l i n o i s  Bas in  c o a l s  
e q u i l i b r a t e d  w i t h  a n h y d r i t e  i n  long-term s t u d i e s .  The LTE of WSNG was 



c able 16.  chemical composit ion of a c i d  mine d ra inage  from 
t h e  Old Ben No. 9 mine (OBG), and t h e  Will S c a r l e t t  
mine (concen t ra t ions  i n  mg/~). 
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Figure 13 
Calcium sulfate equilibria of the acidic laboratory extracts (ASTM-A and the long-term equilibration) 
and field leachate samples. 



i n i t i a l l y  u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  gypsum, then  came i n t o  
e q u i l i b r i u m  w i t h  t h i s  s o l i d  phase a f t e r  75 days .  The ASTM-A e x t r a c t  of 
WSNG a l s o  was i n  n e a r  e q u i l i b r i u m  w i t h  gypsum, s u g g e s t i n g  t h a t  even 
though t h e  two l a b o r a t o r y  e x t r a c t i o n  methods a r e  d i s s i m i l a r  w i t h  r e s p e c t  
t o  s l u r r y  c o n c e n t r a t i o n s  and e x t r a c t i o n  i n t e r v a l s ,  t h e  s o l u b i l i t y  of 
gypsum e x e r t e d  a  dominant i n f l u e n c e  over  ca lc ium and s u l f a t e  a c t i v i t i e s  
i n  both  sys tems,  The LTE of t h e  WSOG sample appeared t o  be under- 
s a t u r a t e d  w i t h  r e s p e c t  t o  bo th  gypsum and a n h y d r i t e  d u r i n g  t h e  e n t i r e  
e x t r a c t i o n  i n t e r v a l ,  T h i s  s i t u a t i o n  could be i n t e r p r e t e d  i n  t h r e e  
d i f f e r e n t  ways : 

( 1) The s o l u t i o n  had n o t  reached thermodynamic e q u i l i b r i u m ,  t h u s ,  
t h e  l i q u i d  phase would have e q u i l i b r a t e d  w i t h  a  CaS04 phase i f  t h e  
e q u i l i b r a t i o n  i n t e r v a l  had been extended.  

( 2 )  The s o l u t i o n  was i n  e q u i l i b r i u m ,  bu t  a  ca lc ium s u l f a t e  phase  
more s o l u b l e  than  gypsum o r  a n h y d r i t e  was p r e s e n t ,  Anhydri te  was 
d e t e c t e d  i n  a l l  of t h e  seven was te  samples w i t h  t h e  e x c e p t i o n  of 
KG. 

(3)  The WATEQ2 model could  no t  y i e l d  a c c u r a t e  d a t a  due t o  t h e  h i g h  
i o n i c  s t r e n g t h  of t h e  s o l u t i o n .  

The l a s t  i n t e r p r e t a t i o n  i s  made i n  r e f e r e n c e  t o  t h e  method by which t h i s  
thermodynamic model c a l c u l a t e d  t h e  a c t i v i t i e s  of ca2+ and SO 2-. The 
a c t i v i t y  c o e f f i c i e n t  of a  g iven c o n s t i t u e n t  may be c a l c u l a t e 2  u s i n g  
e q u a t i o n s  r e s u l t i n g  from t h e  Debye-Hiickel L i m i t i n g  Law ( t a b l e  1 7 ) ,  F o r  
d i l u t e  s o l u t i o n s  (an  i o n i c  s t r e n g t h  of <0.005), e q u a t i o n  1 i s  used.  For 
s o l u t i o n s  hav ing  an i o n i c  s t r e n g t h  g r e a t e r  t h a n  0.01, t h e  more r e l i a b l e  
Extended Debye-HGckeP e q u a t i o n  2  i s  used,  which a t t e m p t s  t o  t a k e  i n t o  
account  t h e  h y d r a t e d  s i z e s  of t h e  i o n s  i n  a d d i t i o n  t o  t h e  e l e c t r o s t a t i c  
i n t e r a c t i o n s ,  However, t h i s  e q u a t i o n  beg ins  t o  break down i n  s o l u t i o n s  
c o n t a i n i n g  i o n i c  s t r e n g t h s  g r e a t e r  t h a n  0.1, The Davies e q u a t i o n  ( t a b l e  
17,  e q u a t i o n s  5  and 6 )  can be used t o  e s t i m a t e  i n d i v i d u a l  a c t i v i t y  
c o e f f i c i e n t s  i n  s o l u t i o n s  hav ing  an i o n i c  s t r e n g t h  up t o  0.5 M o  The 
WATEQ2 program uses  both  t h e  Debye-HGckel e q u a t i o n s  and a  Davies- 
Extended Debye-HGckel e q u a t i o n  ( 7 )  bu t  t h e  s i n g l e  i o n  a c t i v i t y  - 
c o e f f i c i e n t s  of ca2+, Mg 2+9 ~ a + $  K ' , C1-,  SO^^-, Cop2- ,  and H C 0 3  a r e  
always c a l c u l a t e d  by t h e  Extended Debye-HCckel r e l a t i o n s h i p ,  s i n c e  
WATEQ2 was w r i t t e n  p r i m a r i l y  f o r  n a t u r a l  s u r f a c e  w a t e r s .  S e v e r a l  
a c i d i c ,  h i g h - s a l t  e x t r a c t s  and l e a c h a t e s  had i o n i c  s t r e n g t h s  i n  e x c e s s  
of 0.1; t h u s  s o l u b i l i t y  i n t e r p r e t a t i o n s  i n v o l v i n g  ca2+ and ~ 0 ~ ~ -  must be 
made w i t h  extreme c a u t i o n .  

The ASTM-A e x t r a c t  of WSOG appeared t o  be i n  e q u i l i b r i u m  w i t h  a n h y d r i t e  
( f i g .  1 3 ) ,  which was found t o  be p r e s e n t  by X-ray d i f f r a c t i o n .  Unl ike  
t h e  l a b o r a t o r y  e x t r a c t s ,  t h e  f i e l d  sample of a c i d i c  e f f l u e n t  a t  t h e  WSOG 
s i t e  was i n  e q u i l i b r i u m  w i t h  gypsum, 

The LTE e x t r a c t s  of WSSL were u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  CaS04 
phases  d u r i n g  t h e  e q u i l i b r a t i o n  i n t e r v a l .  The i o n i c  s t r e n g t h  of t h e  



Table 17. The Debye-Huckel Limit ing Law and v a r i a n t s .  

Debye-Hiickel Limit ing Law ( 1923) log  y i = -AZ i2/T ( 1 )  

- ~ z i ~ J y  - 
Extended Debye-Hiickel ( 1923-1934) log  yi = ( 2 )  

-AZ i2/y 
Giintelberg ( 1926) log y i  = 1 + b 1  

-AZ i 2JT 
Guggenheim and ~ c h i n d l e r  ( 1934) log y i  = -- ( 4  

fi 
Davies (1962) log y i  = - ~ z i ~  ,- -0.30 I 

-AZ i2/T 
Robinson and Stokes (1959) log y i  = ~ . B ~ J I  + bI ( 7 )  

y i  = a c t i v i t y  c o e f f i c i e n t  of ion i 

I = i o n i c  s t r e n g t h  

Z i  = charge of ion  i 

A = 1.82 x I O ~ ( ( E T ) - ~ / ~  (where E = d i e l e c t r i c  cons tan t )  

a = r a d i u s  of hydrated ion  

50.2916 x lo8dr L 
R = ( l o 3 g ~ 2 0 )  (d = d e n s i t y  of wa te r )  

L 
( E T ) ~ / ~  moles2 

b = empi r i ca l  cons tan t  

l i q u i d  phase never  exceeded 0.05; t h e r e f o r e ,  t h e  model was n o t  
su spec t .  The e l e c t r i c a l  conductance of t h i s  sy s  tem w a s  s t i l l  g radua l l y  
i n c r e a s i n g  when t h e  experiment was te rmina ted ,  sugges t i ng  non- 
e q u i l i b r i u m  condi t ions .  The LTE e x t r a c t s  of OBG c l u s t e r e d  between t h e  
gypsum-anhydrite boundaries  and compared f avo rab ly  t o  t h e  pond sample 
taken  a t  t h e  OBG s i t e .  The sample of t he  a c i d i c  e f f l u e n t  (AMD) f lowing 
from t h e  OBG r e f u s e  p i l e  appeared t o  be supe r sa tu r a t ed  wi th  r e s p e c t  t o  
both CaS04 phases;  bu t  aga in  t he  h igh  i o n i c  s t r e n g t h  (0.3866) rendered 
t h e  a c t i v i t i e s  c a l c u l a t e d 3 o r  ca2+ and sob2- suspec t  due t o  t h e  
l i m i t a t i o n s  of t h e  Extended Debye-Hri'ckel equa t ion .  The short - term ASTV- 
A e x t r a c t  of t h e  s o l i d  waste  c o l l e c t e d  from t h e  OBG s i t e  appeared t o  be 
i n  equ i l i b r i um wi th  anhydr i t e ,  which was de t ec t ed  i n  t h e  s o l i d  sample by 
X-ray d i f f r a c t i o n .  The l a b o r a t o r y  e x t r a c t s  of t h e  s l u r r y  sample were 
a l s o  unde r sa tu r a t ed  with  r e spec t  t o  gypsum; however, they were i n  
equ i l i b r i um wi th  anhydr i t e ,  a s  were both t h e  f i e l d  s l u r r y  samples.  The 



s t agnan t  e f f l u e n t  (wSSL-inactive) sample had an i o n i c  s t r e n g t h  of 
0.2313, making t h e  c a l c u l a t e d  a c t i v i t i e s  open t o  ques t i on .  

The LTE and ASTM-A e x t r a c t s  of t h e  non-acidic m a t e r i a l s ,  DMNS, DMOS, and 
KG, were a l l  unde r sa tu r a t ed  wi th  r e spec t  t o  CaS04 ( f i g .  1 4 ) .  The LTE of 
DMNS was a l s o  i n i t i a l l y  unde r sa tu r a t ed  w i th  r e spec t  t o  c a l c i t e  
( f i g .  15) ,  l i k e  t h e  ASTM-A e x t r a c t ,  bu t  l a t e r  appeared t o  approach 
equ i l i b r i um.  The LTE of DMOS was i n i t i a l l y  near  equ i l i b r i um wi th  
c a l c i t e .  L a t e r  i t  appeared t o  have e q u i l i b r a t e d  w i th  a r a g o n i t e ,  a  
metas tab le  phase of c a l c i t e ,  some time a f t e r  75 days.  The a r a g o n i t e ,  
which could have formed a s  a  p r e c i p i t a t e  a t  t h e  expense of t h e  
d i s s o l u t i o n  of c a l c i t e ,  e v e n t u a l l y  became t h e  dominant CaCO phase 
c o n t r o l l i n g  t h e  aqueous s o l u b i l i t y  of ca2+. Note t h a t  t h e  ~ S T M - A  
e x t r a c t  was i n  equ i l i b r i um wi th  c a l c i t e ,  pos s ib ly  a s  a  r e s u l t  of t h e  
comparat ively s h o r t  s o l u h i l i z a t i o n  i n t e r v a l .  The LTE of t h e  Kilngas  
waste  sample appeared t o  be near  equ i l i b r i um wi th  c a l c i t e ,  then became 
s u p e r s a t u r a t e d  w i th  r e s p e c t  t o  both CaCO phases .  Nei ther  carbonate  o r  
s u l f a t e  minera l s  were i d e n t i f i e d  i n  t h e  J?c sample, and t he  s o l u b i l i t y  of 
c a2+  d id  no t  seem t o  be c o n t r o l l e d  by e i t h e r  i n  l o n  -term experiments .  
The minera l  phases i n f l u e n c i n g  t h e  s o l u b i l i t y  of Ca5' i n  KC a r e  unknown 
but may pos s ib ly  be CaO forms i n  t h e  high-temperature r e s idue  and/or  
calc ium f e l d s p a r s ,  Carbonate phases may e x e r c i s e  some in f luence  i n  
short - term experiments  a s  suggested by t h e  ASTM-A e x t r a c t  of KG, 

The p o s s i b l e  sources  of s o l u t i o n  s i l i c o n  and aluminum i n  t h e  l a b o r a t o r y  
e x t r a c t s  and f i e l d  l e a c h a t e s  i nc lude  t h e  f e l d s p a r s  and c l a y  mine ra l s  
de t ec t ed  by X-ray d i f f r a c t i o n  ( t a b l e  2 ) .  'However, a l l  t he  a c i d i c  LTE, 
ASTM-A, and f i e l d  samples were unde r sa tu r a t ed  wi th  r e s p e c t  t o  a l b i t e  
(Na { A l ~ i  308}), a n o r t h i t e  (Ca IAI S i  o*}), a d u l a r i a  ( ~ { A l s i  3 ~ 8 ) ) ,  analcime 
( ~ a h l ~ i ~ o ~ ) ) ,  h a l l o y s i t e  ( ~ 1 ~ { 8 i ~ 8  }{OH) ), i l l i t e  ( H  K, Mg, alumino- 
s i l i c a t e  hydroxide) ,  k a o l i n i t e  ( A ~ ~ A P ~ o  5{0fi19), and montmor i l lon i te  
( =  Ca, Na, K,  Mg, Fe,  a l u m i n o s i l i c a t e  hydroxide), The LTE and ASTM-A 
e x t r a c t s  of non-acidic m a t e r i a l s ,  DMNS, DMOS, and KG,  were a l s o  under- 
s a t u r a t e d  w i th  a l l  t h e  f e l d s p a r  minera l s  considered by WATEQ2. The LTEs 
of t h e  a l k a l i n e  samples were i n i t i a l l y  s u p e r s a t u r a t e d  wi th  r e spec t  t o  
i l l i t e ,  montmor i l lon i te ,  and k a o l i n i t e ,  then became e i t h e r  s l i g h t l y  
s u p e r s a t u r a t e d  o r  unde r sa tu r a t ed  w i th  r e spec t  t o  t he se  c l ay  minera l s  
dur ing  t h e  l a t t e r  p a r t  of t h e  e q u i l i b r a t i o n  per iod .  

F igure  16 shows the  s i l i c o n  d iox ide  e q u i l i b r i a ,  A l l  t h e  samples f e l l  
w i t h i n  t h e  range of s i l i c o n  s o l u b i l i t i e s  expected from e i t h e r  q u a r t z ,  
c r y p t o c r y s t a l l i n e  S i02 ,  o r  amorphous Si02.  To s imp l i fy  t h e  i l l u s -  
t r a t i o n ,  only t h e  f i n a l  subsamples of t he  LTEs a r e  shown. S ince  q u a r t z  
i s  a  dominant minera l  i n  t h e  was tes ,  i t  can be expected t h a t  qua r t z  
would e x e r t  a  major c o n t r o l  on t h e  s o l u b i l i t y  of H4Si0 Th i s  4" 
r e l a t i o n s h i p  may have been p a r t i a l l y  obscured because g l a s s  con t a ine r s  
were used i n  a l l  of t h e  e x t r a c t i o n  s t u d i e s ,  s h i f t i n g  t h e  s i l i c o n  
e q u i l i b r i a  towards the  l e s s  s t a b l e ,  amorphous S i02  boundaries.  However, 
a l l  t h e  f i e l d  l e a c h a t e  samples a l s o  f e l l  a long  t h e  amorphous S i Q 2  
boundaries .  
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Figure 14 
Calcium sulfate equilibria of the non-acidic laboratory extracts (ASTM-A and the long-term equilibrations). 
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Figure 15 
Calcium carbonate equilibria of the non-acidic laboratory extracts (ASTM-A and the long-term 
equilibrations). 
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Figure 16 
Silicon dioxide equilibria of the laboratory extracts (ASTM-A and the long-term equilibrations) of all 
seven wastes and the field leachate samples. 

G r i f f i n  e t  a l .  (1980) found t h a t  ~ 1 ~ '  a c t i v i t i e s  i n  long-term e x t r a c t s  
of c o a l  s o l i d  was tes  were dominated by m e t a s t a b l e  aluminum phases ,  
(amorphous Al(0H) and Al00H) r a t h e r  t h a n  aluminum c o n t a i n i n g  m i n e r a l s  
p r e s e n t  i n  t h e  s o h d  was tes .  I n  t h i s  s t u d y ,  a l l  t h e  a c i d i c  systems were 
u n d e r s a t u r a t e d  w i t h  r e s p e c t  t o  t h e s e  p a r t i c u l a r  m e t a s t a b l e  phases .  I n  
g e n e r a l ,  i t  appeared t h a t  most of t h e  l a b o r a t o r y  e x t r a c t s  and f i e l d  
samples were n o t  i n  e q u i l b r i u m  w i t h  any known m e t a s t a b l e  phases  of 
aluminum. Two f i e l d  l e a c h a t e  samples (WSOG a c i d  mine d r a i n a g e  and WSSL- 
d i s c h a r g e )  were n e a r  e q u i l i b r i u m  w i t h  a  m e t a s t a b l e  AlOHSO,, phase.  The 
A 1  e q u i l i b r i a  f o r  t h e s e  a c i d i c  systems remains unreso lved .  

I r o n  e q u i l i b r i a  a r e  o f t e n  shown by c o n s t r u c t i n g  s t a b i l i t y  r e l a t i o n s h i p s  
of i r o n  s p e c i e s  by e i t h e r  ho ld ing  Fe2+ o r  Fe3+ c o n c e n t r a t i o n s  c o n s t a n t  
and v a r y i n g  Eh  and pH. G r i f f i n  e t  a l .  (1980) c o n s t r u c t e d  i r o n  ox ide  and 
s u l f i d e  s t a b i l i t y  f i e l d s  where Fe2+ aqueous = ~ o - ~ M  and t o t a l  s u l f u r  = 
lo-%. S o l u t i o n  i r o n  c o n c e n t r a t i o n s  i n  t h i s  s t u d y  v a r i e d  from 0.21 mg/L 
Fe t o  5625 mg/L Fe; t h u s ,  t h e  c l a s s i c a l  i r o n - s t a b i l i t y  diagram based on 
a n  a r b i t r a r i l y  chosen ~ e ~ '  o r  Fe3+ c o n c e n t r a t i o n  may have l i t t l e  
meaning. 



F i g u r e  17 shows t h e  ~ e ~ '  e q u i l i b r i a  a s  a  f u n c t i o n  of pH. While t h e  
r a t i o  of ~ e ~ '  t o  ~ e "  i s  i n f l u e n c e d  by Eh, t h e  e q u i l i b r i u m  ~ e ~ +  a c t i v i t y  
of any i r o n  m i n e r a l  i s  independent  of Eh. S o l u b i l i t y  r e l a t i o n s h i p s  may 
be d e r i v e d  by comparing t h e  ~ e ~ '  a c t i v i t i e s  c a l c u l a t e d  by WATEQ2. 

I n  g e n e r a l ,  t h e  l a b o r a t o r y  e x t r a c t s  and f i e l d  l e a c h a t e s  tended t o  p l o t  
n e a r  t h e  maghemite boundary,  a m e t a s t a b l e  phase of h e m a t i t e  ( f i g .  1 7 ) .  
Consequent ly ,  a11 t h e  aqueous samples were u n d e r s a t u r a t e d  wi th  r e s p e c t  
t o  amorphous f e r r i c  hydroxide.  Th is  d i s a g r e e s  w i t h  t h e  work of 
Nordstrom e t  a l .  (1979) f o r  f i e l d  samples of a c i d  mine wate r s  i n  t h e  
West S h a s t a  Mining D i s t r i c t  i n  n o r t h e r n  C a l i f o r n i a ,  T h e i r  work, a l s o  
based on WATEQ2 modeling,  i n d i c a t e d  t h a t  -iron e q u i l i b r i u m  was i n f l u e n c e d  
by F ~ ( o H ) ~ .  G r i f f i n  e t  a l .  (1980) concluded t h a t  amorphous F ~ ( o H ) ~  was 
probably  a  c o n t r o l  on i r o n  c o n c e n t r a t i o n s  i n  some e x t r a c t s ;  whereas 
maghemite s o l u b i l i t y  c o n t r o l s  were o p e r a t i v e  i n  o t h e r  sys tems.  Reac t ion  
k i n e t i c s  may p a r t i a l l y  e x p l a i n  some of t h e  d i s c r e p a n c i e s  between t h e  
s t u d i e s .  Note t h a t  w h i l e  t h e  LTE of OBG was i n i t i a l l y  i n  e q u i l i b r i u m  
w i t h  maghemite, t h e  e x t r a c t  e q u i l i b r i u m  s h i f t e d  t o  magne t i t e  a f t e r  77 
days .  A m a g n e t i t e  boundary i s  shown f o r  p ~ e 2 +  = 7.35, t h e  p ~ e 2 +  
a c t i v i t y  a f t e r  147 days ,  s i n c e  the  e q u i l i b r i a  of magne t i t e  is  Eh 
dependent .  The LTE of WSNG was near  e q u i l i b r i u m  w i t h  Fe(OH)3 a f t e r  28 
days  of e q u i l i b r a t i o n ,  then  appeared t o  have e q u i l i b r a t e d  w i t h  
maghemite. 

The k i n e t i c  h y p o t h e s i s  was no t  confirmed, due t o  t h e  f a c t  t h a t  a l l  t h e  
shor t - t e rm ASTM-A e x t r a c t s  were n e a r  e q u i l i b r i u m  w i t h  maghemite w i t h i n  
o n l y  48 hours ;  whereas the  LTEs took months t o  reach  t h e  same phase 
boundary. The Fe(OH)3-Fe203 q u e s t i o n  remains unresolved.  

The f i e l d  sample from t h e  WSOG s i t e  was near  e q u i l i b r i u m  w i t h  maghemite; 
b u t  bo th  t h e  ASTM-A and LTE e x t r a c t  of t h e  s o l i d  sample t aken  from t h e  
WSOG s i t e  appeared t o  be approaching e q u i l i k r i u m  w i t h  the  more s t a b l e  
g o e t h i t p  (FeOOH) phase .  N a t r o j a r o s i t e ,  NaFe(S0 )2(OH) , was i d e n t i f i e d  
i n  OBG by X-ray d i f f r a c t i o n  ( t a b l e  2 ) .  The L T ~  of 0 ~ 6  may have a l s o  
e q u i l i b r a t e d  w i t h  n a t r o j a r o s i t e  ( S . I .  = -0.221) l; w h i l e  most of t h e  
o t h e r  sys tems,  i n c l u d i n g  t h e  f i e l d  samples from t h e  OBG a r e a ,  were 
s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  n a t r o j a r o s i t e .  Nordstrom e t  a L ( 1 9 7 9 )  
a l s o  found t h a t  f i e l d  samples of a c i d  mine d r a i n a g e  were s u p e r s a t u r a t e d  
w i t h  r e s p e c t  t o  n a t r o j a r o s i t e .  Coquimbite (Fe2(S0q)3e9H20)  was d e t e c t e d  
by MGssbauer i n  WSNG and WSOG, but  t h e r e  a r e  no thermodynamic d a t a  
a v a i l a b l e  on t h i s  i r o n  s u l f a t e  phase ,  which p r e c l u d e s  s o l u b i i t y  
a n a l y s i s .  

l ~ . l .  o r  s a t u r a t i o n  i n d i c e  is  d e f i n e d  a s  t h e  l o g  of t h e  r a t i o  of t h e  
e x p e r i m e n t a l l y  d e r i v e d  a c t i v i t y  product  t o  t h e  e q u i l i b r i u m  a c t i v i t y  
p roduc t .  
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~ e ~ +  solubility equilibria as a function of pH for the acidic laboratory extracts (ASTM-A and the long-term 
equilibrations) and the field leachates. 
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The major o b j e c t i v e  of t h e  b i o l o g i c a l  i n v e s t i g a t i o n s  was t o  de te rmine  
whether  e x t r a c t s  g e n e r a t e d  from samples of s p o i l  banks (DMNS and DMOS), 
c o a l  c l e a n i n g  was tes  (WSNG, WSOG, WSSL, and OBG), and a  c o a l  convers ion  
was te  (KG)--were a c u t e l y  t o x i c  t o  a q u a t i c  organisms,  Other  o b j e c t i v e s  
inc luded  de te rmin ing  ( 1 )  t h e  r e l a t i v e  t o x i c i t i e s  of t h e  e x t r a c t s  t h a t  
were shown t o  be a c u t e l y  t o x i c ,  ( 2 )  t h e  r e l a t i v e  s e n s i t i v i t i e s  of t h e  
f o u r  t e s t  organisms t o  t h e  t o x i c  e x t r a c t s ,  and (3) any s i g n i f i c a n t  
c o r r e l a t i o n s  between t h e  a c u t e  t o x i c i t y  of a  s o l u t i o n  and i t s  physico- 
chemical  composi t ion.  

The LTE e x t r a c t s ,  upon a t t a i n i n g  s t e a d y - s t a t e  c o n c e n t r a t i o n s ,  were 
decan ted  f rom t h e  carboys  and f i l t e r e d  through 0 . 4 5 1 ~  pore -s ize  M i l l i p o r e  
membranes. Samples were t aken  f o r  physicochemical  c h a r a c t e r i z a t i o n  and 
t h e  remaining s u p e r n a t a n t  s o l u t i o n  was used a s  t h e  u n d i l u t e d  e x t r a c t  i n  
t h e  b i o a s s a y s ,  

Each e x t r a c t  sample was assayed f o r  a c u t e  t o x i c i t y  w i t h  f o u r  s p e c i e s  of 
a q u a t i c  organisms: g r e e n  s u n f i s h  (Lepomis c y a n e l l u s ) ,  f a t h e a d  minnow 
(Pimephales  promelas) ,  a  c r u s t a c e a n  (Daphnia magna) , and a  s n a i l  (Physa 
a n a t i n a ) ,  The a c u t e  t o x i c i t y  t e s t s  were d i v i d e d  i n t o  two phases :  a  
s c r e e n i n g  procedure  and t h e  LC-50 d e t e r m i n a t i o n  ( t h e  c o n c e n t r a t i o n  t h a t  
i s  l e t h a l  f o r  50% of t h e  organisms) .  During t h e  s c r e e n i n g  p rocedure ,  
t h e  t e s t  organisms were exposed t o  t h e  e x t r a c t  d i l u t e d  w i t h  s o f t  recon- 
s t i t u t e d  w a t e r  (U,S. EPA, 1975). Graphic  p r o h i t  a n a l y s i s  ( L i t c h f i e l d  
and Wilcoxon, 1949) was used t o  determine t h e  LC-50 v a l u e s .  

I n  a c u t e  b i o a s s a y  t e s t s ,  1- t o  2-day o l d  Daphnia, 1- t o  2-day o l d  minnow 
f r y ,  j u v e n i l e  s n a i l s  ( s h e l l  l e n g t h  = 5,0 f 0,5 mm), and yoke-sac g reen  . 

s u n f i s h  f r y  were exposed t o  t h e  e x t r a c t s  i n  an env i ronmenta l  chamber 
0 

main ta ined  a t  a  c o n s t a n t  t empera tu re  (20 f 1°c) f o r  a  c o n s t a n t  
pho toper iod  (16L-8D). For each b i o a s s a y ,  10 t e s t  organisms were p laced  
i n  a  250-mL beaker  c o n t a i n i n g  200 mL " f u l l - s t r e n g t h "  e x t r a c t ,  d i l u t e d  
e x t r a c t ,  o r  s o f t  r e c o n s t i t u t e d  w a t e r  ( c o n t r o l ) .  Bioassays  were 
conducted i n  q u a d r u p l i c a t e  f o r  each  of t h e  f o u r  organisms; pH, temper- 
a t u r e ,  and d i s s o l v e d  oxygen c o n c e n t r a t i o n s  were moni tored.  M o r t a l i t y  
d a t a  were c o l l e c t e d  a t  24, 48, 7 2 ,  and 96 h o u r s ,  excep t  f o r  t h e  Daphnia 
t e s t s ,  which were t e r m i n a t e d  a f t e r  48 h o u r s .  A f t e r  96 h o u r s ,  s n a i l s  
t h a t  appeared t o  be dead were placed i n  r e c o n s t i t u t e d  w a t e r  and checked 
w i t h i n  24 hours  t o  conf i rm m o r t a l i t y  assessments .  The t e s t  organisms 
were not  f e d  and t e s t  s o l u t i o n s  were n o t  a e r a t e d  d u r i n g  t h e  b i o a s s a y s .  
Four c o n t r o l  s o l u t i o n s ,  each c o n t a i n i n g  200 mL of s o f t  r e c o n s t i t u t e d  
w a t e r  and 10 t e s t  organisms,  were t e s t e d  w i t h  each s e t  of b i o a s s a y s .  



Regress ion  a n a l y s i s  was used t o  determine d i f f e r e n c e s  between t h e  
m o r t a l i t y  d a t a  s e t s  by t e s t i n g  t h e  h y p o t h e s i s  t h a t  t h e  s l o p e s  of t h e  
l i n e s  d e s c r i b i n g  each of t h e  two d a t a  s e t s  were e q u a l  and t h a t  t h e  y- 
i n t e r c e p t s  were a l s o  e q u a l .  M o r t a l i t y  d a t a  were r e g r e s s e d  on physico- 
chemical  d a t a  u s i n g  t h e  General  L i n e a r  Model procedure  of t h e  
S t a t i s t i c a l  Ana lys i s  System. The IBM 4341 computer a t  t h e  U n i v e r s i t y  of  
I l l i n o i s  was used t o  perform t h e  a n a l y s e s .  

Results 

Acute toxicity of extr ets. The s c r e e n i n g  procedures  were conducted t o  
de te rmine  i f  t h e  u n d i l u t e d  e x t r a c t s  were a c u t e l y  t o x i c .  The mean 
i n i t i a l  pH of t h e  c o n t r o l  s o l u t i o n s  ( n  = 108) was 7.91 f 0.18 ( r a n g e  = 

7.69 t o  8.85),  and t h e  mean f i n a l  pH was 7.72 f 0.14 ( range  = 7.30 t o  
7.91). The mean i n i t i a l  d i s s o l v e d  oxygen was 7.94 f 0.37 mg/L ( r a n g e  = 
6.93 t o  8.86 m g / ~ ) ,  and t h e  mean f i n a l  d i s s o l v e d  oxygen c o n c e n t r a t i o n  
was 8.56 f 0.64 m g / ~  ( r a n g e  = 6.67 t o  9.90 mg/L). The mean h a r d n e s s ,  a s  
determined by t i t r a t i o n ,  was 29.6 f 5.37 m g / ~  CaC03 ( range  = 15 t o  35 
mg/L). The mean s u r v i v a l  of t h e  t e s t  organisms exposed t o  t h e  c o n t r o l  
s o l u t i o n s  was 95.0, 97.0, 98.2 and 98.1 p e r c e n t  f o r  Daphnia, Physa,  
Lepomis and Pimephales,  r e s p e c t i v e l y .  

To examine t h e  r e l a t i o n s h i p  between pH and m o r t a l i t y ,  s t a t i c  b i o a s s a y s  
were conducted w i t h  r e c o n s t i t u t e d  w a t e r  rang ing  i n  pH from 3.0 t o  9.0. 
The r e s u l t s  of t h e  s c r e e n i n g  p rocedures  and t h e  pH exper iments  a r e  
d e p i c t e d  i n  f i g u r e  18. The r e s u l t s  of t h e  pH exper iments  were s i m i l a r  
t o  t h o s e  of t h e  s c r e e n i n g  p rocedures ,  The u n d i l u t e d  e x t r a c t s  and recon- 
s t i t u t e d  w a t e r  produced t o t a l  m o r t a l i t y  when t h e  pH was below 6.0, 5.6, 
5.4, and 3.5 f o r  Pimephales ,  Daphnia, Lepomis and Physa. Undi lu ted  
e x t r a c t s  g e n e r a t e d  from t h e  s p o i l  bank (DMNS and DMOS) and Ki lngas  (KG) 
samples were no t  a c u t e l y  t o x i c  ( m o r t a l i t y  95%) t o  Daphnia, Pimephales ,  
Lepomis and Physa ( f i g .  18) .  Undi luted e x t r a c t s  produced by t h e  LTE 
proczdure  from t h e  c o a l  c l e a n i n g  was te  samples (WSOG, WSNG, WSSL, and 
ORG) were a c u t e l y  t o x i c  t o  a l l  f o u r  t e s t  organisms.  These s o l u t i o n s  
were very a c i d i c  (pH (3.5). Some e x t r a c t s  produced t o t a l  m o r t a l i t y  
w i t h i n  minutes  a f t e r  b i o a s s a y s  were i n i t i a t e d .  A l l  f o u r  t e s t  organisms 
were a l s o  s e n s i t i v e  t o  a c i d i c  r e c o n s t i t u t e d  w a t e r .  The o r d e r  of s e n s i -  
t i v i t y  t o  low pH was Pimephales > Daphnia > Lepomis) Physa. 

The LTE s o l u t i o n s  from t h e  r e f u s e  p i l e  samples (WSNG, WSOG and OBG) and 
t h e  s l u r r y  sample (WSSL) were e v a l u a t e d  f o r  t h e i r  r e l a t i v e  a c u t e  
t o x i c i t i e s  i n  t h e  LC-50 d e t e r m i n a t i o n s .  I n  a d d i t i o n ,  r e s u l t s  from t h e s e  
b i o a s s a y s  were used t o  e s t i m a t e  bo th  t h e  amount of d i l u t i o n  n e c e s s a r y  t o  
e l i m i n a t e  m o r t a l i t y  d u r i n g  an a c u t e  b i o a s s a y  and t h e  r e l a t i v e  s e n s i -  
t i v i t i e s  o f  t h e  t e s t  organisms t o  t h e  LTE s o l u t i o n s .  The LC-50 v a l u e  i s  
r e p o r t e d  a s  t h e  volume of s o l u t i o n / 1 0 0  mL n e c e s s a r y  t o  cause  50 p e r c e n t  
m o r t a l i t y .  

The LC-50 v a l u e s ,  t h e i r  95-percent conf idence  i n t e r v a l s ,  and d i l u t i o n s  
n e c e s s a r y  t o  e l i m i n a t e  m o r t a l i t y  a r e  l i s t e d  i n  t a b l e  18. The pH v a l u e s  
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Percent mortality of Daphnia magna, Lepomis cyanellus, Physa anatina and Pimephalespromelas resulting 
from exposure to undiluted extracts generated from seven coal solid wastes and buffered solutions of 
reconstituted water. 

l i s t e d  a r e  f o r  t h e  undi1ut"ed e x t r a c t s  before  d i l u t i o n  w i th  s o f t  recon- 
s t i t u t e d  wate r .  There is  an i n v e r s e  r e l a t i o n s h i p  between t o x i c i t y  and 
t h e  LC-50 va lue :  an i n c r e a s e  i n  t h e  t o x i c i t y  corresponds t o  a  decrease  
i n  t h e  TJC-50 va lue .  Of t he  fou r  e x t r a c t s  shown t o  be a c u t e l y  t o x i c  by 
t h e  s c r een ing  procedures ,  WSOG produced t h e  most t o x i c  s o l u t i o n  and OBG 
produced t h e  l e a s t  t o x i c  s o l u t i o n ,  The e x t r a c t s  produced from WSNG, 
WSOG,and WSSL were very t o x i c  t o  a l l  f o u r  t e s t  organisms: LC-50 va lues  
were l e s s  than 3.0 mL/100 mL. 

Genera l ly ,  a c i d i c  e x t r a c t s  o r  l e acha t e s  (pH (5.0) were a c u t e l y  t ox i c .  
With i n c r e a s i n g  a c i d i t y ,  t h e r e  was an i n c r e a s e  i n  t h e  t o x i c i t y ,  a  
dec rea se  i n  t h e  LC-50 va lue ,  and an i n c r e a s e  i n  t h e  amount of d i l u t i o n  
necessary  t o  e l i m i n a t e  m o r t a l i t y ,  The most t o x i c  e x t r a c t ,  WSOG, re -  
qu i r ed  a  d i l u t i o n  of 1:1000 i n  o rder  f o r  Daphnia t o  su rv ive  a 48-hour 
b ioassay .  A l l  f o u r  a c u t e l y  t o x i c  e x t r a c t s  r equ i r ed  a r e l a t i v e l y  l a r g e  
amount of d i l u t i o n  (>1:20) t o  e l i m i n a t e  m o r t a l i t y ,  except  f o r  OBG when 
t e s t e d  w i th  Physa. Physa was t he  most t o l e r a n t  t e s t  organism wi th  t h e  - - 
h i g h e s t  r e l a t i v e  LC-50 va lues  and t he  lowest d i l u t i o n s  t o  e l i m i n a t e  
m o r t a l i t y ,  Daphnia and Pimephales were t h e  most s e n s i t i t v e  t o  t h e  t o x i c  
e f f e c t s  of t he  e x t r a c t s  ( f i g .  19 ) .  A s  t h e  concen t r a t i on  of t he  e x t r a c t  
i nc r ea sed ,  t h e r e  was an i n c r e a s e  i n  m o r t a l i t y  f o r  a l l  s p e c i e s ,  The 
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Figure 19 Leachate (volume leachateltotal volume) (%) 
ISGS 1983 

Relationships between the OBG extract and mortality for Pimephalespromelas, Daphnia magna, 
Lepomis cyanellus, and Physa anatina. 

m o r t a l i t y  cu rve  f o r  Physa a n a t h i n a  i s  s h i f t e d  t o  t h e  r i g h t  s i d e  of t h e  
f i g u r e ,  demons t ra t ing  t h e  s u p e r i o r  t o l e r a n c e  of s n a i l s  t o  t h e  s o l u t i o n s .  

R e l a t i v e  t o x i c i t i e s  of t h e  f o u r  e x t r a c t s  were s i g n i f i c a n t l y  d i f f e r e n t  
( P  g0.01) from one a n o t h e r  i n  a l l  c a s e s  f o r  a l l  f o u r  organisms ( t a b l e  19) .  
I n  20 of 24 compar isons ,  t h e  d i f f e r e n c e  between t h e  t o x i c i t y  d a t a  sets  
were h i g h l y  s i g n i f i c a n t l y  d i f f e r e n t  (P <0.001 o r  0.0001). 

G e n e r a l l y ,  a l l  f o u r  organisms were s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e i r  
s e n s i t i v i t y  t o  t h e  e x t r a c t s  ( t a b l e  20) ;  however, Pimephales and Daphnia 
were s i m i l a r  i n  t h e i r  t o l e r a n c e  t o  WSNG and OBG e x t r a c t s ,  w h i l e  Lepomis 
and D a ~ h n i a  were s i m i l a r  i n  t h e i r  t o l e r a n c e  t o  OBG, These r e s u l t s  a r e  
s u p p o r t e d  by t h e  95-percent conf idence  i n t e r v a l s  f o r  t h e  LC-50 v a l u e s  
( t a b l e  1 8 ) ;  f o r  example, t h e  95-percent conf idence  i n t e r v a l s  f o r  t h e  LC- 
50 of OBG t o  Daphnia (7 .3  t o  7.5) o v e r l a p s  t h a t  f o r  Lepomis (7.2 t o  
12.4).  Physa ,  t h e  most t o l e r a n t  test organisms,  was ve ry  s i g n i f i c a n t l y  
d i f f e r e n t  i n  i t s  t o l e r a n c e  i n  7  of 12 comparisons ( t a b l e  20).  

lative tolerances of test orgads Daphnia and Pimephales  were t h e  
s p e c i e s  most s e n s i t i v e  t o  t h e  t o x i c  e f f e c t s  of t h e  e x t r a c t s .  Lepomis 
c y a n e l l u s  was less t o l e r a n t  t h a n  Physa;  however, i t  was more t o l e r a n t  



Table  18. The LC-50 v a l u e s ,  t h e i r  95 p e r c e n t  conf idence  i n t e r v a l s ,  
and t h e  amount of  d i l u t i o n  n e c e s s a r y  t o  e l i m i n a t e  m o r t a l i t y  
i n  s t a t i c  b ioas says  of e x t r a c t s  (WSOG, WSSL, WSNG and OBG) 
gene ra t ed  from t h e  s o l i d  wastes .  

LC-50 D i l u t i o n  f o r  
Organism PH EL/ 1OOmL z e r o  pe rcen t  m o r t a l i t y  

Daphnia magna 
Pimephales promelas 
Lepomis 
Physa ana t  i n a  - 

Daphnia magna 
Pimephales promelas 
Lepomis cyane l l u s  
Physa a n a t  m a  

Daphnia magna 
Pimephales 
Lepomis c y a n e l l u s  
Physa a n a t  i n a  

WSOG - 

WSSL 
I___ 

WSNG 
111 

OBG - 

t h a n  Daphnia o r  Pimephales promelas.  Daphnia h a s  been shown t o  be more 
s e n s i t i v e  t o  c a t i o n s  than f i s h  (Anderson, 1948). 

There was a  d i s t i n c t  t h r e s h o l d  where t h e  b u f f e r i n g  c a p a c i t y  of t h e  re -  
c o n s t i t u t e d  wate r  used f o r  d i l u t i o n  was exhausted.  C h a r a c t e r i s t i c a l l y ,  
above t h a t  t h r e s h o l d ,  t h e  f i n a l  pH of d i l u t i o n s  c o n t a i n i n g  Lepomis 
c y a n e l l u s ,  Pimephales promelas,  o r  Daphnia would i n c r e a s e  0.4 t o  0.9 
u n i t s  above t h e  i n i t i a l  pH, Below t h a t  p o i n t ,  pHs would remain c o n s t a n t  
o r  drop up t o  0,5 u n i t s ,  

D i l u t i o n s  c o n t a i n i n g  Physa a n a t i n a  showed an i n c r e a s e d  l e v e l  of 
b u f f e r i n g ,  which f o r  WSOG, e x i s t e d  throughout  t h e  pH range t e s t e d .  
S o l u t i o n s  c o n t a i n i n g  Physa i n c r e a s e d  i n  pH by 0.3 t o  1.6 u n i t s  from t h e  
i n i t i a l  v a l u e s ,  It was t h e o r i z e d  t h a t  t h e  s h e l l  of t h e  s n a i l ,  composed 
of calc ium c a r b o n a t e ,  was being d i s s o l v e d  i n  t h e s e  a c i d i c  d i l u t i o n s ,  
t h e r e b y  add ing  t o  t h e  b u f f e r i n g  c a p a c i t y  of t h e  t e s t  s o l u t i o n s  and 
r a i s i n g  t h e  pH. An experiment was performed w i t h  t h e  e q u i l i b r a t e d  WSOG 



Table 19. Di f fe rences  i n  t h e  a c u t e  t o x i c i t i e s  of e x t r a c t s  generated from f o u r  
c o a l  s o l i d  wastes  (WSNG, WSOG, OBG and WSSL) a s  determined by an 
a n a l y s i s  of covar iance.  The l e v e l s  of s i g n i f i c a n t  d i f f e r e n c e  a r e  
l i s t e d  and were obta ined by analyzing m o r t a l i t y  d a t a  of 48- and 96- 
hour b ioassays  us ing Daphnia magna, Pimephales promelas, Lepomis 
cyane l lus  and Physa ana t ina .  

- -  - 

WSNG WSNG WSNG WSOG W SOG OBG 
VS  v s  VS VS v s  VS  

WSOG WSSL OBG WSSL OBG WSSL 

Pimephales 0.0001 0.0001 0.0001 0.01 0.01 0.001 

Daphnia 0.0001 0.0001 0.001 0.0001 0.0001 0.0001 

Physa 0.0001 0.0001 0.0001 O.QO01 0.0001 0.0001 

Lepomis 0.01 0.01 0.001 0.001 0.0001 0,0001 
pp -- - - 

0.01 = s i g n i f i c a n t  d i f f e rence .  
0.00 1 = h igh ly  s i g n i f i c a n t  d i f f e rence .  
0.000 1 = very  h igh ly  s i g n i f i c a n t  d i f f e r e n c e .  

Table 20. Dif fe rences  i n  s e n s i t i v i t i e s  of Daphnia magna, Pimephales promelas, 
Lepomis cyane l lus  and Physa a n a t i n a  t o  e x t r a c t s  generated from four  
c o a l  s o l i d  wastes  (WSNG, WSOG, OBG and WSSL)  a s  determined by a n  
a n a l y s i s  of covar iance.  The l e v e l s  of s i g n i f i c a n t  d i f f e r e n c e  a r e  
l i s t e d  and were obta ined by analyzing m o r t a l i t y  d a t a  of 48- and 96- 
hour s t a t i c  b ioassays .  

Pimephales Pirnephales Pimephales Daphnia Daphnia Lepomis 
v s  v s  v s  v s  v s  v s  

Daphnia Lepomis Physa Lepomis Physa Physa 

WSNG N , S .  0.001 0.0001 0 .O5 0.001 0.01 

WSOG 0,001 0.01 0.0001 0.0001 0.0001 0.0001 

OBG N . S .  0 .05 0.0001 N . S .  0.001 0.001 

WSSL 0.01 0.01 0.001 0.0001 0.00Q1 0.0001 

-- - 

N.S. = d i f f e r e n c e  not s t a t i s t i c a l l y  s i g n i f i c a n t  a t  0.05 l e v e l .  
0.05 = s i g n i f i c a n t  d i f f e r e n c e .  
0.01 = s i g n i f i c a n t  d i f f e r e n c e .  
0 .OO 1 = h igh ly  s i g n i f i c a n t  d i f f e r e n c e  . 
0.000 1 = very  h igh ly  s i g n i f i c a n t  d i f f e r e n c e .  



e x t r a c t  u s i n g  s n a i l  s h e l l s  ( w i t h  t h e  an imals  removed) t o  de te rmine  i f  
t h i s  could  have been t h e  cause  of t h e  observed i n c r e a s e s  i n  pH v a l u e s .  
I n  a l l  d i l u t i o n s  w i t h i n  t h e  range of c o n c e n t r a t i o n  t o x i c  t o  Physa,  t h e  
pH r o s e  by 0.3 t o  0 ,7  pH u n i t s  i n  96 h o u r s  due t o  s h e l l s  a l o n e .  The pH 
of c o n t r o l  s o l u t i o n s  dropped by 0 , l  t o  0 ,2  u n i t s .  These d i l u t i o n s  were 
a l l  below t h e  b u f f e r i n g  c u t o f f  p o i n t  f o r  WSOG, 

The s n a i l  s h e l l  does c o n t r i b u t e  t o  t h e  b u f f e r i n g  c a p a c i t y  of t h e  d i l u -  
t i o n  w a t e r .  T h i s  i n c r e a s e d  b u f f e r i n g  c a p a c i t y  i s  p a r t i a l l y  r e s p o n s i b l e  
f o r  t h e  r e l a t i v e l y  i n c r e a s e d  t o l e r a n c e  of t h e  s n a i l s  t o  t h e  a c u t e  
t o x i c i t y  of t h e  e x t r a c t s  g e n e r a t e d  from t h e  c o a l  s o l i d  w a s t e  samples .  

Chemical charm tracts. A f t e r  t h e  a c u t e  
s t a t i c  b i o a s s a y s  were completed,  subsamples of a l l  t es t  s o l u t i o n s  were  
f i l t e r e d ,  p r e s e r v e d  w i t h  n i t r i c  a c i d ,  and s t o r e d  f o r  a n a l y s i s .  To 
de te rmine  which c o n s t i t u e n t s  were c o n c e n t r a t e d  enough t o  be p o t e n t i a l l y  
haza rdous ,  we ana lyzed  samples t h a t  produced p a r t i a l  m o r t a l i t y  a s  w e l l  
samples  c o n t a i n i n g  t h e  lowes t  c o n c e n t r a t i o n  a t  which t o t a l  m o r t a l i t y  
o c c u r r e d  and t h e  h i g h e s t  c o n c e n t r a t i o n  a t  which no m o r t a l i t y  occur red .  
The m o r t a l i t y  d a t a  were r e g r e s s e d  on t h e  physicochemical  d a t a  u s i n g  a 
m u l t i p l e  r e g r e s s i o n  ' p rocedure  (Nie  e t  a 1  . , 1975). 

The r e s u l t s  of t h e  m u l t i p l e  and l i n e a r  r e g r e s s i o n s  a r e  i n c l u d e d  i n  
t a b l e s  C-1 th rough  C-15 i n  Appendix C ,  Ranges of c o n c e n t r a t i o n  of each  
chemical  c o n s t i t u e n t  i n  t h e  tes t  s o l u t i o n s  and t h e  recommended water-  
q u a l i t y  l e v e l  f o r  each  chemical  c o n s t i t u e n t  a r e  a l s o  g iven .  Subsamples 
of t h e  test  s o l u t i o n s  of WSNG d u r i n g  t h e  Daphnia b i o a s s a y s  were n o t  
ana lyzed .  Tab le  21 summarizes t h e  r e s u l t s  l i s t e d  i n  Appendix C. The 
chemical  c o n s t i t u e n t s  l i s t e d  were found t o  be s i g n i f i c a n t l y  c o r r e l a t e d  
t o  m o r t a l i t y  ( P  <0.05) and p r e s e n t  i n  c o n c e n t r a t i o n s  exceed ing  recom- 
mended w a t e r  q u a l i t y  l e v e l s  (U,S. EPA, 1976) .  Calcium was n o t  i n c l u d e d  
i n  t a b l e  21 s i n c e  i t  is  no t  t o x i c  a t  t h e  c o n c e n t r a t i o n s  measured i n  t h e  
t e s t  s o l u t i o n s .  

For  a l l  e x t r a c t s  and a l l  t e s t  organisms,  t h e  pH of t h e  t e s t  s o l u t i o n s  is  
s i g n i f i c a n t l y  c o r r e l a t e d  t o  m o r t a l i t y  and exceeds  t h e  recommended water-  
q u a l i t y  l e v e l  (pH <6.5).  Only e i g h t  physicochemical  pa ramete r s  o t h e r  
t h a n  pH a r e  l i s t e d  i n  t a b l e  21. Aluminum, Fe,  Mn, and N i  appeared t o  be 
s i g n i f i c a n t l y  c o r r e l a t i v e  t o  m o r t a l i t y ,  Z i n c  was h i g h l y  c o r r e l a t e d  w i t h  
m o r t a l i t y  i n  t e s t  s o l u t i o n s  of OBG, 

More physicochemical  pa ramete r s  were c o r r e l a t e d  t o  m o r t a l i t y  i n  t h e  
b i o a s s y s  u s i n g  Lepomis c y a n e l l u s  and Physa a n a t i n a  t h a n  i n  t h o s e  u s i n g  
Daphnia magna and Pimephales promelas.  T h i s  d i f f e r e n c e  was p robab ly  due 
t o  t h e  f a c t  t h a t  Lepomis and Physa e x h i b i t e d  h i g h e r  l e v e l s  of t o l e r a n c e ,  
t h u s  t h e  s o l u t i o n s  were more c o n c e n t r a t e d  i n  t h e i r  b i o a s s a y s .  

ates, S e v e r a l  a u t h o r s  (Beyer and Hutnik ,  1969; B a r n h i s e l  
and Rotromel ,  1974; Hood e t  a l . ,  1979; K l i m s t r a  and J e w e l l ,  1973; Mason, 



Table 21 .  Chemical c o n s t i t u e n t s  found t o  be s i g n i f i c a n t l y  c o r r e l a t e d  t o  
m o r t a l i t y  and t o  exceed recommended water q u a l i t y  l e v e l s  i n  
t e s t  s o l u t i o n s  prepared from e x t r a c t s  (OBG, WSNG, WSOG and 
WSSL) generated from c o a l  s o l i d  wastes .  

Test  Organism 

Physa 
Ex t rac t  ana t  i n a  

OBG PH 
Mn 
Ni 
Zn 

WSNG PH 

WSOG PH 
Fe 

WSSL p H  
Cd 
N i  

1978; and many o t h e r s )  have c i t e d  s p o i l  banks a s  s o u r c e s  of problem 
l e a c h a t e s .  The l a b o r a t o r y  e x t r a c t s  g e n e r a t e d  from t h e  s p o i l  bank 
samples (DMNS and DMOS) i n  t h i s  s t u d y  were e s s e n t i a l l l y  n e u t r a l  i n  pH, 
c o n t a i n e d  r e l a t i v e l y  low c o n c e n t r a t i o n s  of a c c e s s o r y  e lements ,  and were 
n o t  a c u t e l y  t o x i c  ( m o r t a l i t y  G5%). 

The s t e a d y  s t a t e  e x t r a c t  g e n e r a t e d  from t h e  Ki lngas  s o l i d  was te  (KG) was 
a l k a l i n e  (pH 9 . 0 ) ,  con ta ined  r e l a t i v e l y  low c o n c e n t r a t i o n s  of a c c e s s o r y  
e lements ,  and was not  a c u t e l y  t o x i c .  S i m i l a r  r e s u l t s  were o b t a i n e d  i n  a  
s t u d y  t e s t i n g  l a b o r a t o r y  e x t r a c t s  g e n e r a t e d  from L u r g i  g a s i f i c a t i o n  
a s h e s  (Suloway e t  a l . ,  1981). 

ates. The e x t r a c t s  genera ted  from t h e  c o a l  c l e a n i n g  r e f u s e  
samples  (OBG, WSNG, and WSOG) and t h e  s l u r r y  sample (WSSL) were a c i d i c  
(pH <3.5) ,  c o n t a i n e d  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  of some a c c e s s o r y  
e lements ,  and were a c u t e l y  t o x i c  t o  a l l  f o u r  t e s t  organisms. Because of 
t h e  complexi ty  of t h e  chemical  composi t ion of t h e  sys tems and t h e  unde- 
termined s y n e r g i s t i c  and a n t a g o n i s t i c  e f f e c t s  of t h e  chemical  c o n s t i t u -  
e n t s  composing t h e  s o l u t i o n s ,  i t  was n o t  p o s s i b l e  t o  i d e n t i f y  t h e  
chemical  c o n s t i t u e n t s  d i r e c t l y  r e s p o n s i b l e  f o r  t h e  observed m o r t a l i t y ;  
however, c e r t a i n  t e n t a t i v e  c o n c l u s i o n s  can be drawn, 



The m o r t a l i t y  caused by t h e  OBG e x t r a c t  can be a t t r i b u t e d ,  i n  p a r t ,  t o  
t h e  low pH of t h e  t e s t  s o l u t i o n s ,  s i n c e  t h e  pH of some t e s t  s o l u t i o n s  
was below t h e  t o l e r a n c e  l e v e l s  e s t a b l i s h e d  d u r i n g  t h e  pH exper iments  
w i t h  r e c o n s t i t u t e d  wate r .  The pHs of t h e  most c o n c e n t r a t e d  t e s t  
s o l u t i o n s  were approximately  5.0,  R e c o n s t i t u t e d  wate r  w i t h  a  pH of 5.0 
w i l l  cause  t o t a l  m o r t a l i t y  i n  Daphnia, Pimephales,  and Lepomis b i o a s s a y s  
and 20 p e r c e n t  m o r t a l i t y  i n  Physa b i o a s s a y s .  Also  t h e  c o n c e n t r a t i o n  of 
Zn i n  some ORG t e s t  s o l u t i o n s  exceeded t h e  LC-50 v a l u e s  e s t a b l i s h e d  f o r  
Daphnia by R i e s i n g e r  and C h r i s t e n s e n  (1972) ,  f o r  Pimephales by Benoit  
and Holcombe (1978) ,  and f o r  Physa by P a t r i c k  (1968) ,  R e l a t i v e l y  h igh  
c o n c e n t r a t i o n s  of aluminum were measured i n  t h e  OBG t e s t  s o l u t i o n s ;  
however, LC-50 v a l u e s  f o r  aluminum have n o t  been e s t a b l i s h e d  f o r  t h e  
t e s t  0rganism.s , 

A s  was t h e  c a s e  i n  t h e  OBG t e s t  s o l u t i o n s ,  t h e  pH v a l u e s  of t h e  most 
c o n c e n t r a t e d  t e s t  s o l u t i o n s  f o r  t h e  WSNG w a s t e  exceeded t h e  t o l e r a n c e  
l e v e l s  of a l l  f o u r  t e s t  organisms, Also t h e  c o n c e n t r a t i o n  of Zn 
measured i n  t h e  WSNG b i o a s s a y s  u s i n g  Pimephales exceeded t h e  LC-50 v a l u e  
f o r  Zn e s t a b l i s h e d  by Benoit  and Kolcombe (1978).  

I n  a d d i t i o n  t o  t o x i c  pH l e v e l s ,  t h e  WSOG t e s t  s o l u t i o n s  c o n t a i n e d  
c o n c e n t r a t i o n s  of Fe t h a t  exceed t h e  LC-50 v a l u e  f o r  Daphnia ( B i e s i n g e r  
and C h r i s t e n s e n ,  1972) ,  The WSSL t e s t  s o l u t i o n s  were c h a r a c t e r i z e d  by 
t o x i c  pH l e v e l s ,  

T .  M ,  S k e l l y  and J ,  J .  Suloway 

The major o b j e c t i v e s  of t h e s e  b i o l o g i c a l  i n v e s t i g a t i o n s  were t o  
de te rmin?  ( 1 )  what c o n c e n t r a t i o n s  of l e a c h a t e s  genera ted  from two c o a l  
c l e a n i n g  r e f u s e  samples (OBG and WSNG) caused s u b l e t h a l ,  t o x i c  e f f e c t s  
i n  c h r o n i c  b i o a s s a y s  u s i n g  Pimephales promelas ,  Lepomis c y a n e l l u s ,  
Daphnia magna and Physa a n a t i n a ;  ( 2 )  t h e  r e l a t i v e  s e n s i t i v i t i e s  of t h e  
f o u r  t e s t  organisms t o  t h e  l e a c h a t e s ;  (3)  t h e  r e l a t i v e  s e n s i t i v i t i e s  of 
t h e  pa ramete rs  measured (such a s  growth,  r e p r o d u c t i o n ,  m o r t a l i t y )  d u r i n g  
t h e  b i o a s s a y s ,  and ( 4 )  any s i g n i f i c a n t  c o r r e l a t i o n s  between t h e  c h r o n i c  
t o x i c i t y  of a  l e a c h a t e  and i t s  physicochemical  composi t ion.  

The composi t ion of t h e  l e a c h a t e s  genera ted  from s a n p l e s  of OBG and WSNG 
by t h e  l a r g e  volume g e n e r a t i o n  (LVG) procedure  was c o n t i n u o u s l y  
moni tored,  T h i s  p a r t i c u l a r  procedure  was used t o  g e n e r a t e  t h e  l e a c h a t e  
because  of an a n t i c i p a t e d  need f o r  l a r g e  volumes of s o l u t i o n  f o r  t h e  
c h r o n i c  b i o a s s a y s ,  A f t e r  about  1  y e a r ,  t h e  l e a c h a t e s  were f i r s t  assayed 
f o r  a c u t e  t o x i c i t y  w i t h  t h e  f o u r  t e s t  organisms;  t h e s e  t o x i c i t y  t e s t s  
were d i v i d e d  i n t o  phases :  ( 1 )  t h e  s c r e e n i n g  p rocedure ,  and ( 2 )  the LC-50 



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

The e f f e c t s  of c h r o n i c  exposure  t o  s u b l e t h a l  c o n c e n t r a t i o n s  of l e a c h a t e s  
from OBG and WSNG were determined u s i n g  a  con t inuous  f low m i n i - d i l u t e r  
exposure  sys tem modif ied from a  des ign  proposed by Benoi t  e t  a l e  
(1981).  The system d e l i v e r e d  12.5 mL/min of f i v e  c o n c e n t r a t i o n s  and a  
c o n t r o l  s o l u t i o n  t o  each  of f o u r  r e p l i c a t e  chambers. During t h e  bio- 
a s s a y s  u s i n g  f i s h  and s n a i l s ,  t h e  chambers c o n t a i n e d  700 mL of t e s t  
s o l u t i o n ;  whi le  d u r i n g  t h e  b i o a s s a y s  u s i n g  Daphnia,  t h e  t e s t  chambers 
c o n t a i n e d  approximately  500 mL of t e s t  s o l u t i o n .  The d i l u t i o n  w a t e r ,  
which was a  b lend of d e c h l o r i n a t e d  t a p  and d e i o n i z e d  w a t e r ,  was passed 
th rough  an u l t r a v i o l e t  f i l t e r  b e f o r e  u s e  and h e a t e d  t o  t h e  t e s t  
t empera tu re  a t  each d i l u t e r .  WaKer t empera tu re  f o r  a l l  f i s h  and s n a i l  
b i o a s s a y s  was mainta ined a t  25.OUC; Daphnia exper iments  were conducted 
a t  2 2 . 5 * ~ .  A l l  t e s t s  were h e l d  under a  c o n s t a n t  (16~-8D)  pho toper iod .  
The f o u r  s p e c i e s  of t e s t  organisms were exposed t o  d i l u t i o n s  of t h e  OBG 
l e a c h a t e  a t  c o n c e n t r a t i o n s  of 10, 5 ,  2 ,5 ,  1.25, 0.63 and 0.0 ( c o n t r o l )  
p e r c e n t  (by volume) of t h e  u n d i l u t e d  OBG l e a c h a t e ,  and 0.1, 0 ,05,  0.025, 
0.0125, 0.00625 and 0.0 p e r c e n t  of t h e  WSNG l e a c h a t e .  

Fathead minnows were t e s t e d  f o r  32 days ( 4  days a s  embryos and 28 days 
pos t -ha tch) .  To i n i t i a t e  t h e s e  embryo-larval  c h r o n i c  b i o a s s a y s ,  30 eggs  
were p laced  i n  sc reened  egg cups i n  each chamber. The egg cups were 
mechan ica l ly ,  s lowly  rocked t o  f a c i l i t a t e  oxygen t r a n s f e r  and c l e a n i n g  
of t h e  f i s h  eggs. When h a t c h i n g  was completed,  t h e  t o t a l  number of 
ha tched  i n d i v i d u a l s  was recorded ,  and t h e  number of l a r v a l  f i s h  p e r  
chamber was reduced t o  15. F i s h  were f e d  l i v e ,  b r i n e  shrimp n a u p l i i  
(Artemia  s a l i n a )  t h r e e  t imes  p e r  day. Dead f i s h  and d e b r i s  were 
s iphoned from each exposure  chamber every  morning b e f o r e  t h e  f i r s t  
f e e d i n g .  When t h e  t e s t  was t e r m i n a t e d ,  f i s h  were k i l l e d  w i t h  i c e  w a t e r  
and measured f o r  t o t a l  l e n g t h  and weigh t .  

Green s u n f i s h  were t e s t e d  f o r  29 days (1  day a s  embryos and 28 days 
pos t -ha tch)  w i t h  WSNGo The green  s u n f i s h  b i o a s s a y  w i t h  OBG was 
te rmina ted  a f t e r  14  days  because of i n s u f f i c i e n t  l e a c h a t e .  T e s t  
p rocedures  were t h e  same a s  t h o s e  used i n  t h e  f a t h e a d  minnows b i o a s s a y s .  

Daphnia magna exper iments  f o r  both  OBG and WSNG were conducted f o r  28 
days;  5  i n d i v i d u a l  Daphnia were main ta ined  s e p a r a t e l y  w i t h i n  s t a i n l e s s  
s t e e l  cages  i n  each exposure  chamber. T e s t s  were i n i t i a t e d  w i t h  2- t o  
26-hour-old Daphnia. Daphnia were f e d  a  b lended s o l u t i o n  of t r o u t  chow 
and b a k e r ' s  y e a s t  3 t imes  per  day, When t h e  Daphnia grew l a r g e  and 
reproduced (Daphnia a r e  p a r t h e n o g e n i c ) ,  t h e  number of progeny were 
counted and removed, T o t a l  l e n g t h  of each a d u l t  was measured a t  t e s t  
t e r m i n a t i o n .  

The s n a i l  exper iments  w i t h  OBG and WSNG were conducted f o r  28 days.  A l l  
s n a i l s  were measured f o r  s h e l l  l e n g t h  and weight  p r i o r  t o  and a f t e r  t h e  
exposure  pe r iod .  A t  t e s t  i n i t i a t i o n ,  15 s n a i l s  ( s h e l l  l e n g t h  = 5,0 f 



0.5 mm) were p laced  i n t o  each of t h e  24 exposure  chambers* S e v e r a l  
b e h a v i o r a l  pa ramete r s  were moni tored 3  t imes  p e r  day,  3  days  pe r  week. 
The number of s n a i l s  o u t  of t h e  w a t e r ,  s n a i l s  t a k i n g  on a i r ,  and mating 
b e h a v i o r  were n o t e d ,  Egg masses d e p o s i t e d  by t h e  s n a i l s  were counted 
and removed each day,  O c c a s i o n a l l y ,  an  egg mass went u n d e t e c t e d ,  i n  
which c a s e  t h e  j u v e n i l e  s n a i l s  were removed. S n a i l s  were f e d  a  
g e l a t i n o u s  p lug  of wheatgerm, d r y  milk ,  and c e r o p h y l l  (Standon,  1951) 
once p e r  day,  e v e r y  o t h e r  day.  

During each c h r o n i c  b i o a s s a y  f o r  a11 t e s t  s p e c i e s ,  m o r t a l i t y ,  w a t e r  
t e m p e r a t u r e ,  and t h e  pH of t h e  u n d i l u t e d  l e a c h a t e  were moni tored 
d a i l y .  D i l u t e r  f low r a t e s  were measured twice  d a i l y  and a d j u s t e d  a s  
n e c e s s a r y .  

Twice pe r  week, wa te r  samples were t aken  from one-half of t h e  exposure  
chambers, By sampl ing a l t e r n a t e  r e p l i c a t e s ,  A and C ,  t h e n  R and D ,  a 1 1  
exposure  chambers were sampled once a  week, Approximately 100 mL of 
t e s t  s o l u t i o n  was s iphoned f o r  each  sample.  These samples were ana lyzed  
i n i t i a l l y  f o r  pH and d i s s o l v e d  oxygen, then  p r e s e r v e d  f o r  i n o r g a n i c  
c o n s t i t u e n t  a n a l y s i s  a f t e r  f i l t e r i n g .  

S i n c e  an i r o n  p r e c i p i t a t e  formed when t h e  WSNG l e a c h a t e  was d i l u t e d ,  t h e  
c a p i l l a r y  t u b e s  i n  t h e  d i l u t i o n  a p p a r a t u s  were c leaned  e v e r y  4  h o u r s .  
Also ,  t h e  t o x i c a n t  d i l u t i o n  w a t e r  c e l l  and mixing c e l l  were r e p l a c e d  
d a i l y  t o  h e l p  m a i n t a i n  p roper  f low r a t e s ,  Other  c e l l s  i n  t h e  d i l u t i o n  
a p p a r a t u s  were r e p l a c e d  a s  r e q u i r e d .  During rep lacement ,  t h e  d i l u t o r  
was s h u t  down f o r  approx imate ly  45 minu tes ,  

ate%, Acute t o x i c i t y  t e s t s  were conducted i n  
t h e  second y e a r  t o  de te rmine  t h e  range of c o n c e n t r a t i o n s  of l e a c b a t e s  
t h a t  shou ld  be used d u r i n g  t h e  c h r o n i c  t o x i c i t y  t e s t s .  F i r s t ,  s c r e e n i n g  
p rocedures  were conducted t o  de te rmine  i f  t h e  u n d i l u t e d  l e a c h a t e s  were 
a c u t e l y  t o x i c  ( t a b l e  2 2 ) .  Undi lu ted ORG l e a c h a t e  was n o t  a c u t e l y  t o x i c  
t o  any s p e c i e s  of test organism; t h e  pH range of u n d i l u t e d  OBG d u r i n g  
t h e  second y e a r  (pH 5.70 t o  6 ,04)  was much h i g h e r  t h a n  t h a t  measured i n  
t h e  l e a c h a t e  g e n e r a t e d  d u r i n g  t h e  f i r s t  y e a r  of t h e  s t u d y  (pH 3.33 t o  
3 .37) .  Undi lu ted  WSNG g e n e r a t e d  d u r i n g  t h e  second y e a r  of t h e  s t u d y  was 
a c u t e l y  t o x i c  t o  t h e  t h r e e  s p e c i e s  of t e s t  organisms t e s t e d .  The 
r e l a t i v e  s e n s i t i v i t y  of t h e  tes t  organisms was t h e  same a s  t h a t  observed 
i n  t h e  f i r s t  y e a r  of t h e  s t u d y ;  Pimephales and Daphnia were t h e  most 
s e n s i t i v e  and Physa was t h e  most t o l e r a n t  s p e c i e s .  The pH range of  
u n d i l u t e d  WSMG was h i g h e r  i n  t h e  second y e a r  (pH 3.49 t o  3 , 9 8 )  t h a n  t h a t  
measured i n  t h e  f i r s t  y e a r  (pH 2.30 t o  2.51); however, t h e  LC-50 v a l u e s  
c a l c u l a t e d  f o r  WSNG u s i n g  d a t a  c o l l e c t e d  d u r i n g  Daphnia and Pimephales 
b i o a s s a y s  were c o n s i d e r a b l y  lower i n  t h e  second y e a r  than  t h o s e  
c a l c u l a t e d  i n  t h e  f i r s t  y e a r ,  I n  c o n t r a s t ,  LC-50 v a l u e s  c a l c u l a t e d  f o r  
WSNG u s i n g  d a t a  c o l l e c t e d  d u r i n g  Physa b i o a s s a y s  i n  t h e  f i r s t  and second 
y e a r s  were s i m i l a r ,  d e s p i t e  t h e  f a c t  t h a t  t h e  pH of t h e  u n d i l u t e d  



Table 2 2 .  Resu l t s  of t h e  a c u t e  b ioassays  of WSNG and OBG conducted 
by t h e  LTE and LVG procedures.  

Procedure 
LTE LVG 

LC-50 LC-50 
Organism pH mL/ 100 mL PH mL/lOO mL 

Pimephales 3 . 3 3  
D a ~ h n i a  3 .34  
-'L 

Physa 3.37 

Pimephales 2.30 
Daphnia 2.44 
Le pomis 2 .52  
Physa 2.51 

W SNG - 

und i lu ted  OBG was not a c u t e l y  t o x i c  t o  any of t h e  s p e c i e s  of t e s t  
organisms dur ing acu te  b ioassays .  

green s u n f i s h  l a rvae  were not  a v a i l a b l e  f o r  acu te  b ioassays .  

l e acha t e  was cons iderab ly  h igher  i n  t h e  second year  (pH 2,51 vs .  pH 
3.98), 

A s  was t he  case i n  t h e  f i r s t  year  of t he  s tudy ,  WSNG was a  more t o x i c  
l eacha t e  than  OBGo Since 0.1 percent  was t h e  h ighes t  conen t r a t i on  of 
WSNG a t  which no t o x i c  e f f e c t s  were observed during the  a c u t e  b ioassays ,  
t h i s  concen t r a t i on  was s e l e c t e d  t o  be used a s  t h e  h ighes t  concen t r a t i on  
of WSNG f o r  t h e  chronic  bioassays.  Since even und i lu t ed  OBG w a s  not 
a c u t e l y  t o x i c ,  a r e l a t i v e l y  h igh  concent ra t ion  of OBG (10%) was s e l e c t e d  
a s  t he  h ighes t  concent ra t ion  of OBG f o r  t he  chronic  bioassay.  This  
concen t r a t i on  was s e l e c t e d  p r imar i l y  because a  l i m i t e d  amount of un- 
d i l u t e d  OBG was generated during the  second yea r ,  

Chronfc toxictty of e leachates. The r e s u l t s  of t he  chronic  bioassays 
of WSNG us ing  Pimephales promelas a r e  summarized i n  t a b l e  23. One-way 
Analysis  of Variance (ANOVA) was used t o  analyze t h e  s i g n i f i c a n c e  of 
d i f f e r e n c e s  i n  l eng th  and weight. Chi-square a n a l y s i s  was used t o  
analyze t h e  s i g n i f i c a n c e  of d i f f e r e n c e s  i n  h a t c h a b i l i t y  and s u r v i v a l .  
Growth a s  measured by l eng th  (F5,308 = 0.0003, P > 0.10) and weight 
(F5,308 = 0.0039, P > 0.10) was no t  s i g n i f i c a n t l y  a f f e c t e d  by t h e  
d i l u t ~ o n s  of t he  WSNG l e a c h a t e ,  The mean l eng ths  ranged from a high of 
21.6 mm i n  both t h e  c o n t r o l  and the  0.05-percent concen t r a t i on ,  t o  20.7 
rnm i n  t h e  h ighes t  concent ra t ion ,  0.1 pe rcen t ,  A s i m i l a r  t r end  was 
observed i n  t h e  mean weights ,  w i th  t h e  lowest weight measured i n  t h e  



Table  2 3 .  Lengths ,  we igh t s ,  m o r t a l i t y ,  and ha t ch ing  pe rcen tages  f o r  f a t h e a d  
minnows exposed t o  f i v e  c o n c e n t r a t i o n s  of  WSNG l e a c h a t e  and a  
c o n t r o l .  Data were ob ta ined  d u r i n g  32-day, embryo-larval  b i o a s s a y s  
conducted i n  f low-through m i n i - d i l u t e r s .  

Concent ra t  i o n  of  T o t a l  l e n g t h  Weight ( g )  - M o r t a l i t y  H a t c h a b i l i t y  
l e a c h a t e  (%) N' X t ~ ~ ~ ( m m )  X 5 SD (%I (%> 

0.10 54 20.7 f 1.59 0.073 + 0.017 8.3 84 .O 
0 .05 47 21.6 + 1.78 0.0872 0.023 8.3 91.7 
0.025 57 21.2f 1.85 0.085t0.022 4.8 98.3 
0.0125 51 21.12 1.86 0.085t0.022 5 .O 89.3 
0.00625 49 21.45 1.60 0.083+0.018 11.5 95.7 
0.00 ( c o n t r o l )  56 21.6 t 1.44 0.085 + 0.018 5 .O 99.2 

'number of  d a t a  
2mean f one sample s t a n d a r d  d e v i a t i o n  

Table  24. Lengths ,  we igh t s ,  m o r t a l i t y ,  and ha t ch ing  pe rcen tages  f o r  g reen  
s u n f i s h  exposed t o  f i v e  c o n c e n t r a t i o n s  of WSNG l e a c h a t e  and a  
c o n t r o l .  Data were ob ta ined  du r ing  29-day, embryo-larval  
b i o a s s a y s  conducted i n  f low-through m i n i - d i l u t e r s .  

Concent ra t  i o n  of T o t a l  l e n g t h  Weight ( g )  M o r t a l i t y  H a t c h a b i l i t y  
l e a c h a t e  (%) X 5 ~ ~ ~ ( m m )  2 t SD (%)  ( 2 )  

0.10 24 16.9t 1.45 0.060+0.016 45 .O 56 .O 
0.05 43 16.5 f 1.44 0.059 5 0.012 21.7 74.5 
0 .025 40 16.2 + 1.16 0.054 + 0.012 26.7 78.1 
0.0125 40 15.8 + 1.80 0.049 t 0.014 29.5 63.1 
0.00625 44 16.2 + 0.97 0.053 + 0.010 21.7 76 .O 
0.00 ( c o n t r o l )  43 16.4 t 0.79 0.056 + 0.009 23.3 80.7 

'number of d a t a  
2rnean t one sample s t a n d a r d  d e v i a t i o n  

s t r o n g e s t  concen t r a t i on  and the h i g h e s t  mean weight measured i n  t h e  
chambers wi th  a  0.05-percent concen t r a t i on  of WSNG. There was no 
s i g n i f i c a n t  d i f f e r e n c e  i n  t he  amount of m o r t a l i t y  of f a thead  minnow 
l a r v a e  exposed t o  var ious  concent ra t ions  of t he  WSNG l eacha t e .  The 
h i g h e s t  m o r t a l i t y  (11,5%) occurred i n  t h e  lowest concen t r a t i on  of 
WSNG. The lowest m o r t a l i t y  (4 .8%)  was observed i n  t he  t h i r d  h ighes t  
concen t r a t i on ,  0,025 percen t .  The only parameter measured dur ing  t h e  
ch ron i c  b ioassays  of WSNG us ing  fa thead  minnows i n  which a  s i g n i f i c a n t  
d i f f e r e n c e  was observed was h a t c h a b i l i t y .  The h a t c h a b i l i t y  i n  t h e  
c o n t r o l  (99.2%) was s i g n i f i c a n t l y  h igher  than t h a t  measured i n  t e s t  
s o l u t i o n s  of 0.10 percen t  l e a c h a t e  ( h a t c h a b i l i t y  = 84.0%, P < 0.001), 
0.05 percen t  l e acha t e  ( h a t c h a b i l i t y  = 91.7%, P < 0.025), and 0.015 
percen t  l e a c h a t e  ( h a t c h a b i l i t y  = 89.3%, P < 0.005). 



' Table  25. Lengths ,  m o r t a l i t y ,  and r e p r o d u c t i v e  succes s  of Daphnia magna 
exposed t o  f i v e  c o n c e n t r a t i o n s  of  WSNG l e a c h a t e  and a  c o n t r o l .  
Data were ob ta ined  du r ing  28-day, c h r o n i c  b i o a s s a y s  conducted 
i n  f low-through m i n i - d i l u t e r s .  

Concen t r a t i on  of  ~ r o ~ e n y / ~ d u l t  F i r s t  day of M o r t a l i t y  T o t a l  l e n g t h  
d 

l e a c h a t e  (%) X t S D ~  r e p r o d u c t i o n  (%) X 2 SD (mm) 

0.10 0.0 t 0.0 -- 75 .o -- 
0 .05 8.5 t 4.4 18 75.0 3.5 2 0-22 
0.025 10.5 t 7,1 12 40.0 3.7 + 0.28 
0.0125 16.0 t 12.0 I I 50 .O 3.7 t 0.37 
0.006 25 20.0 + 13.9 13 30 .O 3.7 + 0.31 
0.00 ( c o n t r o l )  24,2 + 12.5 1 1  15 .O 4.0 t 0.33 

l m e a ~  k s t anda rd  d e v i a t i o n  

The r e s u l t s  of t h e  ch ron i c  b ioassyas  of WSNG us ing  Lepomis cyane l l u s  a r e  
summarized i n  t a b l e  24, The same parameters were measured and t h e  same 
s t a t i s t i c a l  ana ly se s  were used a s  t hose  r epo r t ed  f o r  f a thead  minnows. 
Again t h e  growth parameters ,  mean l eng th  (F5,229 = 0.004, P > 0.10) and 
mean weight (F5,229 = 0.0046, P > 0.10) were no t  s i g n i f i c a n t l y  d i f f e r e n t  
between t rea tments .  I n  f a c t ,  t he  l a r g e s t  f i s h  were t hose  found i n  t he  
chamber dosed wi th  t h e  h i g h e s t  concen t r a t i on  of WSNG, There was a  
s i g n i f i c a n t  i n c r e a s e  i n  t h e  amount of m o r t a l i t y  i n  t h e  h i g h e s t  concen- 
t r a t i o n  over  t h a t  found i n  t h e  c o n t r o l  ( X2 = 9.58, P < 0.005). The 
h a t c h a b i l i t y  i n  t he  c o n t r o l  (90.7%) was s i g n i f i c a n t l y  h igher  than t h a t  
measured i n  t h e  t e s t  s o l u t i o n s  of 0.10-percent l e a c h a t e  ( h a t c h a b i l i t y  = 
56.0% P < 0.005) and 0,0125-percent l e a c h a t e  ( h a t c h a b i l i t y  = 63.1%, P < 
0,005). 

The r e s u l t s  of t h e  ch ron i c  b ioassays  of WSNG us ing  Daphnia magna a r e  
summarized i n  t a b l e  25. The l e a c h a t e  had s e v e r a l  d r ama t i ca l l y  d e t r i -  
mental  e f f e c t s  on t he  Daphnia, The 75-percent m o r t a l i t y  observed i n  
chambers exposed t o  0.10- and 0.05-percent beachate  was s i g n i f i c a n t l y  
h ighe r  than t he  15-percent m o r t a l i t y  observed i n  t h e  c o n t r o l s ,  a s  
determined by chi-square  cont ingency a n a l y s i s .  The m o r t a l i t y  i n  t h e  
o t h e r  t rea tments  (30% t o  50%) was a l s o  h ighe r  than  t h a t  observed i n  t h e  
c o n t r o l s ,  bu t  t h e  d i f f e r e n c e  was no t  s t a t i s t i c a l l y  s i g n i f i c a n t  because 
of t he  smal l  sample s i z e s ,  Reproduction, a s  measured by t h e  mean number 
of progeny pe r  a d u l t ,  was s i g n i f i c a n t l y  reduced i n  t h e  t h r e e  h i g h e s t  
concen t r a t i ons  (0.10%, 0,05%, and 0.025% wSNG) from t h a t  observed i n  t h e  
c o n t r o l ,  The reproduc t ion  a t  doses  of 0,0125 and 0.00625 percen t  WSNG 
was a l s o  reduced, but t h e  d i f f e r e n c e  was not  s t a t i s t i c a l l y  s i g n i f i -  
c an t .  The f i r s t  day of reproduc t ion  a l s o  appeared t o  be delayed a t  t h e  
h ighe r  concen t r a t i ons ,  The mean t o t a l  l eng th  of Daphnia a d u l t s  was not  
s i g n i f i c a n t l y  reduced by exposure t o  d i f f e r e n t  concen t r a t i ons  of WSNG 
(F4,47 = 0.0014, P > 0.10). 



Table 26. Shell lengths, weights, mortality, and egg mass production of 
Physa anatina exposed to five concentrations of WSNG leachate 
and a control. Data were obtained during 28-day, flow-through 
bioassays. 

Concentration of Shell length Weight (g) Mortality Egg mass production 
leachate (%) N~ X + ~ ~ ~ ( m m )  X 5 SD (% > X f SD 

0.10 33 5 . 4 2 0 . 4 0  0,018 t .003 30 .O 89.3 + 27.0 
0 .05 49 5 . 4 2 0 . 5 0  0.020 t -005 13.3 133.3 t 12.7 
0 .025 49 5.7 t 0.73 0.022 t .007 15 .O 106.3 + 17.3 
0.0125 43 5 . 8 2 0 . 4 8  0.023 + .005 18.3 108.5 t 24.2 
0.00625 45 5.9 + 0.80 0.026 2 .009 18.3 99.0 t 14.1 
0.00 (control) 46 5 . 9 k 0 . 5 6  0.025 + .006 8.3 119.3 t 22.1 

'number of data 
2mean t one sample standard deviation 

The r e s u l t s  of t h e  c h r o n i c  b i o a s s a y s  of WSNG u s i n g  Physa a n a t i n a  a r e  
summarized i n  t a b l e  26. One-way N O V A  was used t o  ana lyze  t h e  s i g n i f i -  
cance of d i f f e r e n c e s  i n  l e n g t h  and weight  between t r e a t m e n t s .  Although 
mean s h e l l  l e n g t h  i n c r e a s e d  w i t h  d e c r e a s i n g  c o n c e n t r a t i o n  of WSNG, and 
a l t h o u g h  t h e  mean s h e l l  l e n g t h  of i n d i v i d u a l s  exposed t o  t h e  c o n t r o l  was 
g r e a t e r  than  t h o s e  exposed t o  t h e  h i g h e r  c o n c e n t r a t i o n s  of WSNG, t h e  
d i f f e r e n c e s  were n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  (F5,259 = 2.113, P > 
0.05).  However, t h e  d i f f e r e n c e s  i n  mean weight were s i g n i f i c a n t  (F5,229 
= 8.89, P  < 0.001). The mean weight  d a t a  was f u r t h e r  ana lyzed  u s i n g  a  
Student-Newman-Keuls t e s t .  The r e s u l t s  of t h i s  a n a l y s i s  demonstra ted 
t h a t  t h e  mean weight  of t h e  c o n t r o l s  was s i g n i f i c a n t l y  g r e a t e r  t h a n  t h a t  
of t h o s e  i n d i v i d u a l s  exposed t o  0.1-percent WSNG ( P  < 0.001), 0.05- 
p e r c e n t  WSNG (P < 0.001),  and 0.025-percent WSNG (P < 0.05).  The 
m o r t a l i t y  observed i n  t h e  d i f f e r e n t  t r e a t m e n t s  was a l s o  s i g n i f i c a n t l y  
d i f f e r e n t  (x2 = 13.07, df = 5 ,  P  < 0.025). S p e c i f i c a l l y ,  t h e  m o r t a l i t y  
i n  t h e  c o n t r o l s  was s i g n i f i c a n t l y  l e s s  than  t h a t  observed i n  t h e  0.1- 
p e r c e n t  WSNG t r e a t m e n t  ( x2 = 8.80, df = 1,  P < 0.005). Reproduct ion a s  
measured by egg mass p r o d u c t i o n ,  was not  s i g n i f i c a n t l y  a f f e c t e d  by 
exposure  t o  WSNG (F5,223 = 2.237, P > 0.05).  

Few s i g n i f i c a n t  d i f f e r e n c e s  were observed i n  t h e  c h r o n i c  b i o a s s a y s  of 
OBGe The r e s u l t s  of t h e  c h r o n i c  b i o a s s a y s  of OBG u s i n g  f a t h e a d  minnows 
a r e  summarized i n  t a b l e  27. Growth, a s  measured by mean l e n g t h  and 
weigh t ,  was lowes t  i n  t h e  c o n t r o l s .  Mean t o t a l  l e n g t h  of t h o s e  
i n d i v i d u a l s  exposed t o  t h e  h i g h e s t  c o n c e n t r a t i o n  of OBG (10%) was 
s i g n f i c a n t l y  g r e a t e r  than  t h e  c o n t r o l s  (P < 0.001). No s i g n i f i c a n t  
d i f f e r e n c e s  were seen  i n  mean weights  of t h e  s n a i l s  exposed t o  t h e  
v a r i o u s  c o n c e n t r a t i o n s  of OBG. M o r t a l i t y  was low ((10%) and ha tch-  
a b i l i t y  was n e a r l y  complete 0 9 3 % )  i n  t h e  c h r o n i c  b ioassyas  of OBG u s i n g  
Pimephales promelas.  No s i g n i f i c a n t  d i f f e r e n c e s  i n  m o r t a l i t y  o r  hatch-  
a b i l i t y  were observed between t h e  v a r i o u s  c o n c e n t r a t i o n s  of OBG and t h e  
c o n t r o l .  



Table  27. Lengths, weights ,  m o r t a l i t y ,  and hatching percentages  f o r  f a thead  
minnows exposed t o  f i v e  concen t ra t ions  of OBG l e a c h a t e  and a  
c o n t r o l .  Data were obta ined dur ing  32-day, embryo-larval b ioassays  
conducted i n  flow-through min i -d i lu te r s .  

concen t ra t ion  of T g t a l  l e n g t h  WeLght (g) M o r t a l i t y  H a t c h a b i l i t y  
l e a c h a t e  (%) NI X + ~ ~ ~ ( m m )  X rt SD (Z) (2)  
- -- 

10.0 61 24.2 4 1.63 0.133 + -031 0.0 93.2 
5 .O 49 2 3 . 5 2  1-59 0 .131+  .029 8.3 98.3 
2.5 51 23.3 + 1.98 0.013 + .037 6.7 93.9 
1.25 57 2 3 . 7 2  1-95 0 .140+  .037 3 - 3  98.3 
0.625 53 23.1 9 2.28 0.127 + .037 10 .O 98.3 
0.00 ( c o n t r o l )  49 23.1 + 1.37 0.126 + .025 1.7 97 e3 

lnumber of d a t a  
2mean + one sample s tandard d e v i a t i o n  

Table 28. Lengths, weights ,  m o r t a l i t y  and hatching percentages  f o r  green 
s u n f i s h  exposed t o  f i v e  concen t ra t ions  of OBG l e a c h a t e  and a  
c o n t r o l .  Data were obta ined dur ing 14-day, embryo-larval 
b ioassays  conducted i n  flow-through min i -d i lu te r s .  

concen t ra t  ion  of T o t a l  l eng th  WeLght (g)  M o r t a l i t y  ~ a t c h a b i l i t y  
l e a c h a t e  (%) N~ X rt ~ ~ ~ ( x t n n )  X + SD (%I (%I 

10 .O 33 8.4 -1- 0.71 18.3 96.6 - 3 

5 .O 39 8 . 3 k 0 . 8 7  8.3 98.3 -3 

2.5 30 8 .4J -0 .85  30.0 99.1 -3 

1.25 39 8.2 ztl 0.84 13 -3  98.3 -3 

0.625 39 8.2 -1- 0.72 10.0 96.7 -3 

0.00 ( c o n t r o l )  41  8.2 + 0.97 -3 10.0 99 .2 
- 

'number of d a t a  
2mea.~ f one sample s tandard d e v i a t i o n  
3not  measured 

The green  s u n f i s h  chronic  b ioassys  of OBG were te rmina ted  a f t e r  14 days 
because of i n s u f f i c i e n t  l e acha t e .  Only t o t a l  l eng th ,  m o r t a l i t y ,  and 
h a t c h a b i l i t y  were recorded.  The r e s u l t s  of t h e s e  ch ron i c  b ioassays  a r e  
summarized i n  t a b l e  28. Mean l eng th  d id  not d i f f e r  s i g n i f i c a n t l y  
between t r ea tmen t s  = 0.5276, P > 0.10). M o r t a l i t y  showed no 
d i s c e r n i b l e  t r e n d ,  The only s i g n i f i c a n t  d i f f e r e n c e  f o r  green s u n f i s h  
was t h e  h ighe r  m o r t a l i t y  f o r  i n d i v i d u a l s  exposed t o  a  l e a c h a t e  concen- 
t r a t i o n  of 2.5-percent ORG than f o r  those  i n  t h e  c o n t r o l  s o l u t i o n  (x2 = 
6.17, df = 1,  P < 0,025).  H a t c h a b i l i t y  f o r  eggs i n  a l l  t r e a tmen t s  was 
n e a r l y  complete (>96,5%) dur ing  t he  b ioassays  of OBG us ing  green 
s u n f i s h ;  no s i g n i f i c a n t  d i f f e r e n c e s  i n  h a t c h a b i l i t y  among t r ea tmen t s  
were observed. 



Table 29. Lengths, m o r t a l i t y  and reproduc t ive  success  of Daphnia magna 
exposed t o  f i v e  concen t ra t ions  of OBG l e a c h a t e  and a c o n t r o l .  
Data were obta ined dur ing 28-day, chronic  bioassays  conducted 
i n  flow-through min i -d i lu te r s .  

concen t ra t ion  of ~ r ~ ~ e n y / A d u l t  F i r s t  day of Mor ta l i ty  T o t a l  l e n g t h  
l e a c h a t e  (%) X + S D ~  reproduct ion ( X )  . X t SD (mm) 

10 .O 56.6 + 35.2 10 35 .O 4 - 0  + 0.38 
5 .O 66.3 t 19.3 10 15 .O 4.3 + 0.17 
2.5 56.5 + 21.0 12 35 -0  4.1 t 0.27 
1.25 52.5 + 22.8 12 30 .O 4.0 rt 0.20 
0.625 71.5 2 15.0 12 35 .O 4.2 + 0.06 
0.00 ( c o n t r o l )  70.0 2 47.8 11 35 .O 4.0 2 0.32 

'mean + one sample s tandard dev ia t ion  

The r e s u l t s  of t h e  c h r o n i c  b i o a s s a y s  of OBG u s i n g  Daphnia magna a r e  
l i s t e d  i n  t a b l e  29. Reproduct ion,  measured a s  number of progeny 
produced p e r  a d u l t ,  was g r e a t e s t  i n  t h e  c o n t r o l s  and t h e  lowest  concen- 
t r a t i o n  of OBG; however, due t o  t h e  l a r g e  v a r i a b i l i t y  i n  p roduc t ion  of 
progeny, t h i s  d i f f e r e n c e  was no t  s i g n i f i c a n t  (F5,67 = 0.8699, P > 
0.10). Also ,  t h e  f i r s t  day of reproduc t ion  d i d  no t  va ry  among t r e a t -  
ments (between day 10 and day 12) .  M o r t a l i t y  was h i g h  (15% t o  35%) i n  
a l l  t r e a t m e n t s ;  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  between m o r t a l i t y  
observed i n  t h e  c o n t r o l s  and i n  t h e  o t h e r  t r e a t m e n t s  ( X2 = 3.305, df = 
5 ,  P > 0.10). Mean t o t a l  l e n g t h  of a d u l t  Daphnia showed no d i s c e r n i b l e  
t r e n d ,  The on ly  s i g n i f i c a n t  d i f f e r e n c e  i n  t o t a l  l e n g t h  was between t h e  
c o n t r o l  and t h o s e  i n d i v i d u a l s  exposed t o  t h e  c o n c e n t r a t i o n  of 5.0- 
p e r c e n t  l e a c h a t e  ( P  <0.05). 

The r e s u l t s  of t h e  Physa b i o a s s a y s  of OBG a r e  summarized i n  t a b l e  30. 
Growth of Physa,  a s  measured by mean s h e l l  l e n g t h  (F5,308 = 0.00067, P > 
0.10) and mean weight (F5,308 = 0.0022, P > 0.10), was not  s i g n i f i c a n t l y  
a f f e c t e d  by t h e  OBG l e a c h a t e .  Observed m o r t a l i t y  ( X 2  = 1 .O3, d f =  5, P > 
0.10) and egg mass p roduc t ion  (FgSl8  = 0.9890, P > 0.10) d i d  not  d i f f e r  
s i g n i f i c a n t l y  among t h e  t r e a t m e n t s  and c o n t r o l ,  

Discussion 

The c h r o n i c  b ioassays  were des igned t o  supplement a c u t e  t o x i c i t y  d a t a  by 
de te rmin ing  t h e  s u b l e t h a l  ef fects- -changes  i n  growth,  r e p r o d u c t i o n , a n d  
m o r t a l i t y - - a s s o c i a t e d  w i t h  c h r o n i c  exposure  t o  d i l u t e  c o n c e n t r a t i o n s  of 
two t o x i c  l e a c h a t e s  g e n e r a t e d  from t h e  r e f u s e  was tes  samples OBG and 
WSNG. 

The f u l l  s t r e n g t h  OBG l e a c h a t e  genera ted  by t h e  LVG procedure  was no t  
a c u t e l y  t o x i c  t o  any of t h e  organisms t e s t e d ,  u n l i k e  t h e  OBG LTE 
s o l u t i o n .  The d i f f e r e n c e s  i n  t h e  e f f e c t s  of t h e  OBG s o l u t i o n s  ( t a b l e  
22) were a t t r i b u t a b l e  t o  d i f f e r e n c e s  i n  t h e  s o l u t i o n  g e n e r a t i o n  pro- 
c e d u r e s ,  which produced d i s s i m i l a r  s o l u t i o n s .  The p a r t i c l e  s i z e  of t h e  
OBG was te  t h a t  was used i n  t h e  LTE exper iment  was G9.53 mm; i t  was 



Table 30. Shell lengths, weights, mortality, and egg mass production of Physa 
anatina exposed to five concentrations of OBG leachate and a control. 
Data were obtained during 28-day, flow-through bioassays. 

Egg mass 
Concentrat ion - Shell length WeLght (g) Mortality production - 
of leachate (%) N I  X + S D ~  (mm) X t SD ( 2  > X 5 SD 

10.0 52 5 . 0 4 0 . 5 6  0.012 .003 8 - 3  54.5 + 5.7 
5 .O 55 5 . 2 4 0 . 5 4  0.013 .003 6.7 62,5 + 12.1 
2.5 52 5 . 2 t 0 . 5 8  0,014 .004 6 -7 6 1 - 0  t 7.7 
1.25 51 5 . 2 4 0 . 6 5  0.013 -005 5 .O 75.5 + 31.0 
0.625 49 5.3 4 0.62 0.014 .005 15 .O 66.0 2 5.5 
0.00 (control) 55 5.2 + 0.70 0.013 .005 5.0 55.8 k 16.4 

'number of data 
2mean t one sample standard deviation 

necessa ry  t o  s i e v e  t h e  sample i n  o r d e r  t o  mix t h e  s o l u t i o n  wi thou t  
damaging t h e  s t i r r i n g  motors.  I n  c o n t r a s t ,  t h e  OBG sample used i n  t h e  
LVG procedure  was n o t  s o r t e d ,  hu t  loaded i n t o  t h e  ~ ~ r o ~  t a n k  i n  t h e  same 
p h y s i c a l  s t a t e  a s  i t  was i n  t h e  f i e l d .  The unsor ted  sample con ta ined  
bou lder - s ized  c l a s t s  mixed w i t h  o t h e r  coarse-grained p a r t i c l e s ,  The 
r a t e  of p y r i t e  o x i d a t i o n  i n  t h e  samples and t h e  subsequent  fo rmat ion  of 
H SO would i n c r e a s e  w i t h  i n c r e a s i n g  s u r f a c e  a r e a .  T h i s  may be t h e  
2. 4 major f a c t o r  account ing  f o r  t h e  lower pH and consequent t o x i c i t y  of t h e  

LTE e x t r a c t  of OBG r e l a t i v e  t o  t h a t  of t h e  l e a c h a t e  from t h e  LVG 
procedure .  Refuse p i l e  h e t e r o g e n e i t y  i s  a l s o  a l i k e l y  f a c t o r .  

Because t h e r e  was a l i m i t e d  q u a n t i t y  of O K  l e a c h a t e ,  i t  was assayed  a s  
a 10-percent s o l u t i o n  f o r  t h e  h i g h e s t  c o n c e n t r a t i o n  f o r  c h r o n i c  exposure  
t o  de te rmine  i f  any long-term e f f e c t s  might be a s s o c i a t e d  w i t h  exposure  
t o  t h i s  non tox ic  l e a c h a t e  i n  a c u t e  exper iments .  

The organisms exposed t o  t h e  OBG l e a c h a t e  were g e n e r a l l y  n o t  d e t r i -  
m e n t a l l y  a f f e c t e d  by dosages of t h i s  non tox ic  s o l u t i o n .  I n  f a c t ,  
Pimephales promelas ,  t h e  f i s h  exposed t o  t h e  h i g h e s t  c o n c e n t r a t i o n  of 
OBG were l a r g e r  than  t h e  c o n t r o l s ,  s u g g e s t i n g  t h a t  t h i s  l e a c h a t e  pro- 
v ided  a f a v o r a b l e  growth medium. The chemical  composi t ion of t h e  t e s t  
s o l u t i o n s  ( t a b l e s  31 t o  34 ) was q u i t e  innocuous,  which accounts  f o r  i t s  
r e l a t i v e  l a c k  of t o x i c  e f f e c t s .  

The WSNG l e a c h a t e  genera ted  by t h e  LVG procedure  was q u i t e  t o x i c  
throughout  t h e  c o u r s e  of t h i s  i n v e s t i g a t i o n ,  Although t h e  WSNG l e a c h a t e  
g e n e r a t e d  changed i n  chemical  composi t ion w i t h  t ime ,  i t s  t o x i c i t y  was 
s t i l l  very g r e a t .  I t s  low pH of 3.49 t o  3.98 was p a r t i a l l y  r e s p o n s i b l e  
f o r  t h e  t o x i c i t y  d u r i n g  t h e  screening procedures  and LC-50 determin- 
a t i o n s ,  The pH of 7,8 t o  8.5 d u r i n g  t h e  c h r o n i c  t e s t s  was n o t  near  t h e  
l e t h a l  l i m i t s  f o r  organisms,  and y e t  m o r t a l i t y  (Lepomis, Daphnia, 
Physa) ,  lowered h a t c h a b i l i t y  (Lepomis c y a n e l l u s ,  Pimephales promelas) ,  
reduced r e p r o d u c t i o n  (Daphnia),  and reduced weight g a i n  (Physa)  were a l l  
a s s o c i a t e d  w i t h  c h r o n i c  exposure  t o  t h e  WSNG l e a c h a t e ,  



Table 31. Ranges of mean physicochemical parameter v a l u e s  ( m g / ~ )  f o r  r e p l i c a t e  
concen t ra t ions  of OBG during chronic  bioassays  f o r  fa thead minnow 
(Pimephales promelas).  

OBG Concentra t ions  (%) 

Parameter 10.0 5.0 2.5 1.25 0.625 0.0 

p H ( u n i t s )  7.757-7.850 7.990-8.053 8.180-8.257 8.090-8.338 8.324-8.415 8.425-8.481 

Dissolved 5.78-6.21 5.83-6.13 5.73-5.99 5.71-6.01 5.82-6.08 5.51-6.21 



Table 3 2 .  Ranges of mean physicochemical parameter v a l u e s  (mg/~) f o r  r e p l i c a t e  
concen t ra t ions  of OBG dur ing chronic  bioassays  f o r  green s u n f i s h  
(Lepomis wanel lus)  . 

OBG Concentra t ions  (%) 

Parameter 10.0 5.0 2.5 1.25 0.625 0.0 

p H  ( u n i t s )  7.745-7.902 

Dissolved 7.43-7.82 
oxygen 

A1 0.12-0.16 

B 0.39-0.79 

B a  0.03 

Ca 58.2-73.4 

K C2.14 

Mg 10.8-11.4 

Mn 0.23-0.24 

Na 25.6-26.6 

S i  3.83-4.56 

Zn <O.  06 

A s  <O. 04 

B e  <O. 002 

Cd <O. 03 

Co <O.  008 

C r  (0.02 

Cu <o. 02 

Fe <O. 02 

Mo <o. 01 

N i  <O. 02 

Pb <O. 04 

Sb <O. 03 

Se <O. 06 

Sn <O.  02 

V <O. 18  



Table 33 .  Ranges of mean physicochemical parameter values (mg /~ )  for repl icate  
concentrations of OBG during chronic bioassays for the crustacean, 
Daphnia magna. 

OBG Concentrations (%) 

Parameter 10.0  5.0 2 .5  1.25 0.625 0.0 

pH (units) 

Dissolved 

oxygen 

A 1  

B 

Ba 

C a  

K 

M g  

Mn 

Na 

Si 

Zn 

As 

Be 

Cd 

Co 

Cr 

Cu 

Fe 

Mo 

Ni 

Pb 

Sb 

Se 

Sn 

v 



Table 3 4 .  Ranges of mean. physicochemical parameter va lues  (mg/~) f o r  r e p l i c a t e  
concen t ra t ions  of OBG dur ing chronic  bioassay's f o r  t h e  s n a f l ,  
Physa a n a t i n a .  

OBG Concentrat  i o n s  (%) 

Parameter 1 0 . 0  5 . 0  2.5 1.25 0.625 - 0 . 0  

pH ( u n i t s )  7.790-7.879 8.036-8.212 8.220-8.406 8.360-8.534 8.392-8.608 8.450-8.672 

Dissolved 7.44-7.70 7.41-7.62 7.48-8.22 7.37-8.22 7.34-7.61 7.28-7.71 
oxygen 



Although t h e r e  may have been some s y n e r g i s t i c  e f f e c t s  of v a r i o u s  
chemical  c o n s t i t u e n t s  i n  WSNG, i r o n  appeared t o  be t h e  on ly  chemical  
p r e s e n t  a t  t o x i c  l e v e l s  i n  c h r o n i c - t e s t  s o l u t i o n s  ( t a b l e s  35 t o  38). 
Acid mine d r a i n a g e  o f t e n  c o n t a i n s  h i g h  l e v e l s  of f e r r o u s  i r o n  ( ~ e ~ ' )  
t h a t  o x i d i z e s  t o  f e r r i c  i r o n  ( ~ e ~ ' )  and p r e c i p i t a t e s  a s  f e r r i c  hydroxide 
{ F ~ ( o H )  1 a s  t h e  pH i s  e l e v a t e d  and oxygenat ion t a k e s  p l a c e  (Smith and 
Sykora,  31976), f o r  example, when mine d ra inage  e n t e r s  a  r e c e i v i n g  water .  

Mixing WSNG w i t h  d i l u t i o n  w a t e r  i n  t h e s e  exper iments  r a i s e d  t h e  pH and 
formed a  p r e c i p i t a t e ,  predominant ly  a  f e r r i c  hydroxide phase.  The 
p r e s e n c e  of t h i s  v i s i b l e ,  yel low f l o c c u l e n t ,  a l s o  r e f l e c t e d  by t h e  
t u r b i d i t y  v a l u e s  of s o l u t i o n s  ( t a b l e s  35 t o  38),  r e p r e s e n t e d  both  a  
p h y s i c a l  and p h y s i o l o g i c a l  i n t e r f e r e n c e  t o  t h e  f u n c t i o n a l  p r o c e s s e s  of 
t h e  organisms. 

The lowered h a t c h a b i l i t y  of both  g reen  s u n f i s h  and f a t h e a d  minnow eggs 
was probably  due t o  s u f f o c a t i o n ,  a s  t h e  p r e c i p i t a t e  would a t t a c h  t o  eggs  
and block oxygen t r a n s f e r .  Small masses of f e r r i c  hydroxide suspens ions  
a r e  s i m i l a r  i n  s i z e  t o  t h e  pores  i n  t h e  chor ion  of f a t h e a d  minnow 
eggs ,  Consequent ly ,  c logg ing  t h e s e  pores  by f e r r i c  hydroxide p a r t i c l e s  
would reduce oxygen d i f f u s i o n  a c r o s s  t h e  chor ion  and cause  embryo 
m o r t a l i t y  (Smith e t  a l . ,  1973). Eggs i n  t h i s  s t u d y  were suspended i n  
egg cups and rocked i n  exposure  chambers, which may have he lped  keep  
some eggs f r e e  of t h e  p r e c i p i t a t e ,  I f  eggs had r e s t e d  on t h e  chamber 
bot toms,  h a t c h a b i l i t y  would probably  have been f u r t h e r  reduced. The 
g i l l s  of f i s h  t h a t  ha tched  and d i e d  were o f t e n  covered w i t h  a  l a y e r  of 
f e r r i c  hydrox ide ,  s u g g e s t i n g  i n t e r f e r e n c e  w i t h  r e s p i r a t i o n .  

Growth of s u r v i v i n g  f i s h  appeared t o  be l i t t l e  a f f e c t e d  by t h e  d i f f e r e n t  
c o n c e n t r a t i o n s  of WSNG; a l t h o u g h  t h e  h i g h e s t  c o n c e n t r a t i o n  of WSNG pro- 
duced h i g h  m o r t a l i t y  of g reen  s u n f i s h ,  These r e s u l t s  suppor t  p rev ious  
ev idence  t h a t  d i f f e r e n t  l i f e  s t a g e s  and s p e c i e s  can be d i f f e r e n t i a l l y  
a f f e c t e d  by c h r o n i c  exposure  t o  f e r r i c  hydroxide suspens ions  (Smith e t  
a l . ,  1973; Smith and Sykora ,  1976; Sykora e t  a l .  1972, 1975). 

Daphnia m o r t a l i t y  and r e p r o d u c t i v e  problems were common a t  t h e  h i g h e s t  
c o n c e n t r a t i o n s  of WSNG, t h e  problems were p robab ly  a  r e s u l t  of consuming 
t h e  f e r r i c  hydroxide p r e c i p i t a t e ,  a s  t h e s e  c r u s t a c e a n s  a r e  f i l t e r  
f e e d e r s  on p a r t i c u l a t e  m a t t e r  i n  w a t e r ,  The g u t  of t h e s e  Daphnia 
( e a s i l y  v i s i b l e  i n  t h e s e  t r a n s l u c e n t  organisms)  was o f t e n  a  yellow-gold 
c o l o r ,  s i m i l a r  t o  t h e  c o l o r  of f e r r i c  hydroxide p r e c i p i t a t e .  

Consumption of p r e c i p i t a t e  may a l s o  have been r e s p o n s i b l e  f o r  reduced 
growth and i n c r e a s e d  m o r t a l i t y  i n  t h e  h i g h e s t  WSNG c o n c e n t r a t i o n s  f o r  
Physa,  These s n a i l s  o f t e n  consumed t h e  p r e c i p i t a t e  a s  was e v i d e n t  from 
t h e i r  orange f e c a l  m a t e r i a l .  

The WSNG c o n c e n t r a t i o n s  of 0.1,  0.05, and 0.025 p e r c e n t ,  which cor res -  
ponded t o  t o t a l  s o l u t i o n  i r o n  c o n c e n t r a t i o n s  of 3.37 t o  8 , l  mg/L, 1.43 
t o  4.37 mg/L, and 0.79 t o  1.40 mg/L, were t o x i c  i n  some form t o  a l l  



organisms t e s t e d .  S i g n i f i c a n t  i f f e r e n c e s  i n  development were observed 
i n  bo th  f i s h  s p e c i e s  i n  t h e i r  exposure  t o  0,0125-percent WSNG r e l a t i v e  
t o  c o n t r o l  s o l u t i o n s .  These WSNG s o l u t i o n s  were c h a r a c t e r i z e d  by i r o n  
c o n c e n t r a t i o n s  of 0 ,42 t o  0,58 mg/L t o t a l  s o l u t i o n  i r o n ,  C o n c e n t r a t i o n  
of t o t a l  i r o n  i n  s o l u t i o n s  of 0,00625-percent WSNG ( t h e  "no e f f e c t "  
c o n c e n t r a t i o n )  used i n  g r e e n  s u n f i s h  and f a t h e a d  minnow t e s t s  ranged 
from 0,26 t o  0,29 mg/L. Add t o  t h e s e  v a l u e s  an e s t i m a t i o n  of t h e  amount 
of i r o n  p r e s e n t  a s  a  p r e c i p i t a t e  (based  on a  mean va lue  of 3881 mg/L 
t o t a l  i r o n  i n  t h e  f u l l  s t r e n g t h  WSNG l e a c h a t e )  and a  s a f e  c o n c e n t r a t i o n  
of t o t a l  i r o n  t h e r e f o r e  would be between 0 ,29  and 0.64 mg Fe/L,  

These c h r o n i c  b ioassays  have demonstra ted t h a t  a  0,0125-percent s o l u t i o n  
of WSNG ( a n  a c u t e l y  t o x i c ,  s u b l e t h a l  c o n c e n t r a t i o n )  w i l l .  cause  t o x i c  
e f f e c t s  i n  f a t h e a d  minnows and g reen  s u n f i s h ,  These t e s t s  a l s o  show 
t h a t  o t h e r  low c o n c e n t r a t i o n s  of t h i s  l e a c h a t e  a r e  t o x i c  t o  v a r i o u s  
organisms i n  t h e  a q u a t i c  food c h a i n - - s p e c i f i c a l l y ,  t o  a  c r u s t a c e a n ,  a 
s n a i l ,  and two f i s h  s p e c i e s ,  D i s r u p t i o n  of a  s i n g l e  e lement  i n  t h e  
a q u a t i c  food c h a i n  could modify an e n t i r e  a q u a t i c  ecosystem. The 
t o x i c i t y  shown h e r e  f o r  t h e  WSNG l e a c h a t e  demons t ra tes  t h e  p o t e n t i a l  
e f f e c t s  of t h e s e  was tes  should they  e v e r  e n t e r  a  r e c e i v i n g  w a t e r  i n  a  
n a t u r a l  s e t t i n g .  

The c o a l  s l u r r y  ( c o a r s e  f r a c t i o n )  and r e f u s e  samples were chemica l ly  
and m i n e r a l o g i c a l l y  s i m i l a r ;  a l u m i n o s i l i c a t e s  mixed w i t h  o r g a n i c  and 
i n o r g a n i c  s u l f u r  and carbonaceous m a t t e r .  The composi t ion of t h e  
mine s p o i l  samples was t y p i c a l  of s h a l e ,  a l t h o u g h  h i g h e r  i n  s u l f u r .  
The Ki lngas  sample resembled o t h e r  h igh- temperature  c o a l  r e s i d u e s ,  
such  a s  s l a g  and f l y  ash ,  excep t  f o r  h i g h e r  C r  and N i  concentra-  
t i o n s .  A r s e n i c ,  Co, N i ,  Pb, S i  and Sb were c o n c e n t r a t e d  i n  t h e  
r e f u s e  samples,  presumably a s s o c i a t e d  w i t h  s u l f i d e  m i n e r a l s .  

The s l u r r y  ( c o a r s e  f r a c t i o n )  and t h e  r e f m e  i n  t h e  mining a r e a s  
s t u d i e d  have t h e  c a p a c i t y  f o r  producing very a c i d i c  e f f l u e n t  and do 
n o t  appear  t o  c o n t a i n  s u f f i c i e n t  ca rhona te  m i n e r a l s  t o  have any 
a p p r e c i a b l e  n e u t r a l i z i n g  i n f l u e n c e .  Labora to ry  e x t r a c t s  of t h e  mine 
s p o i l s  tended t o  be n e u t r a l  i n  pH; whereas t h e  Ki lngas  sample 
g e n e r a t e d  a l k a l i n e  systems. 

Labora to ry  e x t r a c t i o n s  of t h e  s l u r r y  and r e f u s e  samples i n d i c a t e d  
t h a t  A l ,  Mn, N i ,  SO4, and Zn a r e  i n  s o l u b l e  forms and may l e a c h  o u t  
i n  a p p r e c i a b l e  q u a n t i t i e s .  E leva ted  l e v e l s  of t h e s e  same c o n s t i t -  
u e n t s  were d e t e c t e d  i n  f i e l d  samples t a k e n  i n  t h e  p rox imi ty  of t h e  
s o l i d  sample,  

The s o l i d  c o a l  wastes  con ta ined  v a r i o u s  o r g a n i c  compounds; many a r e  
i n c l u d e d  on t h e  EPA P r i o r i t y  P o l l u t a n t  L i s t ,  However, t h e s e  com- 
pounds were found t o  be e s s e n t i a l l y  i n s o l u b l e  i n  aqueous media* 



Table 35. Ranges of mean physicochemical parameter v a l u e s  ( m g / ~ )  f o r  r e p l i c a t e  
concen t ra t ions  of WSNG during chronic  bioassays  f o r  fa thead minnows, 
Pimephales promelas. 

WSNG Concentra t ions  (%) 

Parameter 0.10 0.05 0.025 0.0125 0.00625 0.0 

pH (units) 

Dissolved 
oxygen 

Turbidity 
(JTU) 

A1 

B 

Ba 

Ca 

Co 

Fe 

K 

Mg 

Mn 

Na 

Si 

As 

Be 

Cd 

Cr 

Cu 

Mo 

Ni 

Pb 

Sb 

Se 

Sn 

v 

Zn 



Table 36. Ranges of mean physicochemical parameter v a l u e s  ( m g / ~ )  f o r  r e p l i c a t e  
concen t ra t ions  of WSNG during chronic  bioassays  f o r  green s u n f i s h ,  
Leponis cyane l lus .  

Parameter 

pH (units) 

Dissolved 
oxygen 

Turbidity 
(JTU) 

WSNG Concentrations (%) 

0.10 0.05 0.025 0.0125 0.00625 0.0 

7.801-7.874 8.042-8.159 8.254-8.284 8.319-8.377 8.396-8.426 8.444-8.496 

7.74-7.90 7.35-7.79 7.56-7.90 7.32-7.54 7.28-7.69 7.39-7.62 



Table 37. Ranges of mean physicochemical parameter values (mg/~) for replicate 
concentrations of WSNG during chronic bioassays for the crustacean, 
Daphnia magna . 

WSNG Concentrations (%) 

Parameter 0.10 0.05 0.025 0.0125 0.00625 0.0 

pH (units) 

Dissolved 
oxygen 

Turbidity 
( JTW 

A 1  

B 

Ba 

Ca 

C o  

Fe 

K 

M g  

Mn 

N a  

Si 

As 

B e  

C d  

C r  

Cu 

M o  

Ni 

P b  

S b  

S e  

Sn 

V 

Zn 



Table 38. Ranges of mean physicochemical parameter values (mg/~) for replicate 
concentrations of WSNG during chronic bioassays for the snail, 
Physa anatina. 

WSNG Concentrations (%) 

Parameter 0.10 0 .05 0.025 0.0125 0 .00625 0 .0  

p~(units) 7.776-7.828 

Dissolved 7.70-8 .29 
oxygen 

Turbidity 20.9-30.8 
( JTU) 



A l l  t h e  s o l i d  wastes  con ta ined  e l e m e n t a l  s u l f u r  t h a t  was co-extracted 
w i t h  t h e  o r g a n i c s  by methylene c h l o r i d e .  

Acid mine d r a i n a g e ,  whether f i e l d  e f f l u e n t  o r  l a b o r a t o r y  e x t r a c t s  of 
s o l i d  samples ,  tended t o  be i n  e q u i l i b r i u m  w i t h  some t y p e  of CaSO,, 
phase ,  

The c o n c e n t r a t i o n s  of A 1  and S i  i n  a c i d  mine d ra inage  do not  appear  
t o  be c o n t r o l l e d  by t h e  c l a y  m i n e r a l s  o r  t h e  f e l d s p a r s  i n  t h e  r e f u s e  
samples .  The l a b o r a t o r y  and f i e l d  s o l u t i o n s  tended t o  be i n  
e q u i l i b r i u m  w i t h  some t y p e  of SiO phase ,  w h i l e  t h e  s o l u t i o n  
chemis t ry  of A 1  remains unresolve$.  

There i s  some ev idence  s u g g e s t i n g  t h a t  a c i d  mine d r a i n a g e ,  whether  
f i e l d  o r  l a b o r a t o r y  e x t r a c t s ,  may e q u i l i b r a t e  w i t h  maghemite r a t h e r  
than  an amorphous Fe(OH)3 phase.  Fe(OH)3 s o l u b i l i t y  would over- 
p r e d i c t  Fe c o n c e n t r a t i o n s ,  

E x t r a c t s  genera ted  from samples of s p o i l  banks and a  c o a l  g a s i f i c a -  
t i o n  was te  were n o t  a c u t e l y  t o x i c  t o  t h e  c r u s t a c e a n ,  Daphnia magna, 
f a t h e a d  minnows (Pimephales promelas ) , green s u n f i s h  ( ~ e ~ o r n i s  
c y a n e l l u s ) ,  and t h e  s n a i l ,  Physa a n a t i n a  whereas,  t h e  u n d i l u t e d  
e x t r a c t s  produced by a long-term e q u i l i b r a t i o n  procedure  from a l l  of 
t h e  c o a l  c l e a n i n g  was tes  s t u d i e d  were a c u t e l y  t o x i c  t o  a l l  f o u r  t e s t  
organisms,  r e q u i r i n g  a s  much a s  a  1:1000 d i l u t i o n  t o  e l i m i n a t e  
m o r t a l i t y .  

The n o n t o x i c  l e a c h a t e s  were e s s e n t i a l l y  n e u t r a l  i n  pH and con ta ined  
low c o n c e n t r a t i o n s  of a c c e s s o r y  e lements ,  The t o x i c  e x t r a c t s  from 
t h e  c o a l  c l e a n i n g  was tes  were a l l  a c i d i c  (pH <3.5) and con ta ined  
c o n c e n t r a t i o n s  of o t h e r  e lements  t h a t  were bo th  s i g n i f i c a n t l y  
c o r r e l a t e d  t o  m o r t a l i t y  of t h e  organisms and p r e s e n t  a t  l e v e l s  
exceed ing  recommended wate r  q u a l i t y  s t a n d a r d s .  

The most t o x i c  e x t r a c t s  were t h o s e  w i t h  t h e  lowest  pH. The most 
a c i d i c  l e a c h a t e s ,  t h e r e f o r e ,  had t h e  lowest  LC-50 va lue  and r e q u i r e d  
t h e  g r e a t e s t  amounts of d i l u t i o n  t o  e l i m i n a t e  m o r t a l i t y .  

Daphnia magna was g e n e r a l l y  cons idered  t o  be t h e  most s e n s i t i v e  
organism i n  t h e  a c u t e  t o x i c i t y  s t u d i e s ,  fo l lowed c l o s e l y  by 
Pimephales promelas ,  t h e n  Lepomis c y a n e l l u s  and Physa a n a t i n a .  The 
d i s s o l u t i o n  of t h e  ca lc ium carbona te  s h e l l  of Physa l e n t  a d d i t i o n a l  
b u f f e r i n g  c a p a c i t y  t o  t e s t  s o l u t i o n  w a t e r s ,  account ing  p a r t l y ,  f o r  
i t s  g r e a t e r  t o l e r a n c e  t o  some s o l u t i o n s  t o x i c  t o  o t h e r  organisms. 

One c o a l  c l e a n i n g  r e f u s e  l e a c h a t e  produced by a  large-volume genera-  
t i o n  procedure  f o r  t h e  c h r o n i c  b i o a s s a y s  was a c u t e l y  t o x i c  t o  t h e  
t e s t  organisms,  Another l e a c h a t e  produced by a  d i f f e r e n t  r e f u s e  
sample u s i n g  the  long-term e q u i l i b r a t i o n  procedure  was t o x i c ,  whereas 
t h e  l e a c h a t e  produced by t h e  large-volume procedure  was n o t  t o x i c ,  



r e f l e c t i n g  t h e  d i f f e r e n c e s  i n  t h e  gene ra t i on  procedures ,  and 
pos s ib ly ,  sample he t e rogene i t y .  

@ Concentrat ions  of t h e  nontox ic  r e fu se  l e a c h a t e  produced by t he  la rge-  
volume procedure showed no d e t r i m e n t a l  ch ron i c  e f f e c t s ,  

@ Low concen t r a t i ons  of t h e  t o x i c  r e f u s e  l e a c h a t e  produced by t he  
large-volume procedure caused t o x i c  e f f e c t s :  decreased h a t c h a b i l i t y  
f o r  Lepomis cyane l lus  and Pimephales promelas eggs; i nc r ea sed  
m o r t a l i t y  w i th  ch ron i c  exposure f o r  Lepomis cyane l l u s ,  Daphnia, and 
Physa; and reduced weight ga in  i n  Physa. 

@ Soluble  f e r r o u s  i r o n  i n  t h e  t o x i c  l e a c h a t e  converted t o  i n s o l u b l e  
f e r r i c  spec i e s  when t he  l e a c h a t e  was d i l u t e d .  F e r r i c  hydroxide 
p r e c i p i t a t e  was t h e  major f a c t o r  imp l i ca t ed  i n  t h e  phys i ca l  and 
phys io log i ca l  e f f e c t s  exh ib i t ed  by a l l  t e s t  organisms sub j ec t ed  t o  
a c u t e l y  t o x i c ,  s u b l e t h a l  concen t r a t i ons  of t h i s  l e a c h a t e .  

9 Low concen t r a t i ons  of t he  t o x i c  l e a c h a t e  were shown t o  a f f e c t  s e v e r a l  
l i f e  s t a g e s  and s p e c i e s  of a q u a t i c  organisms t h a t  r e p r e s e n t  s e v e r a l  
t r o p h i c  l e v e l s  i n  a q u a t i c  ecosystems, Given t h a t  t he  d i s r u p t i o n  of a 
s i n g l e  element i n  an a q u a t i c  food cha in  can have dramat ic  conse- 
quences on an a q u a t i c  system, t h e  t o x i c i t y  of t h i s  l e a c h a t e  is  
demonstrat ive  of t h e  p o t e n t i a l  e f f e c t s  t h a t  t h i s  type  of waste  can 
have on t h e  a q u a t i c  ecosystem, i f  i t  e n t e r s  a r ece iv ing  wate r  i n  a 
n a t u r a l  s e t t i n g ,  

@ A l i m i t a t i o n  of t h i s  type  of p r o j e c t  and t h e  e a r l i e r  work of G r i f f i n  
e t  a l .  (1980),  i s  t h a t  s i n g l e  g rab  samples were used; such samples 
m4ay o r  may n o t  be r e p r e s e n t a t i v e  of the depos i t  under s tudy .  Recent 
work by Krapac, Smyth, and G r i f f i n  (1983) showed t h a t  two r e f u s e  
p i l e s  i n  southwestern I I l i n o i s  a r e  heterogeneous wi th  r e s p e c t  t o  
wate r  s o l u b l e  c o n s t i t u e n t s  v i a  l abo ra to ry  e x t r a c t i o n s ,  S i m i l a r  
i n v e s t i g a t i o n s  need t o  be c a r r i e d  ou t  w i th  more thorough sampling of 
each type of waste  (e .g ,  r e f u s e ,  s l u r r y ,  mine s p o i l s )  t o  ga in  a more 
a c c u r a t e  assessment of t h e  environmental  impact of c o a l  u t i l i z a t i o n .  

@ Laboratory e x t r a c t i o n s  of coa l  s o l i d  wastes  resemble f i e l d  l e a c h a t e s  
i n  terms of t h e i r  p r eva l en t  chemical c h a r a c t e r  but  may o r  may n o t  
d u p l i c a t e  t he  chemical composition of l e a c h a t e s  q u a n t i t a t i v e l y .  Coal 
by-products and t h e i r  a s s o c i a t e d  l e a c h a t e s  a r e  extremely v a r i a b l e ;  
t h e r e f o r e ,  i t  is  not  recommended t h a t  a d d i t i o n a l  work be conducted t o  
a t t empt  t o  de s ign  e x t r a c t i o n  procedures  a p p l i c a b l e  t o  a l l  types  of 
c o a l  wastes  where t h e  o b j e c t i v e  i s  t o  produce q u a n t i t a t i v e  
f a c s i m i l e s .  



@ The s o l u b i l i t y  r e l a t i o n s h i p s  i n  both  t h e  f i e l d  l e a c h a t e s  and 
l a b o r a t o r y  e x t r a c t s  remains on ly  p a r t i a l l y  unders tood.  A d d i t i o n a l  
work is  needed t o  c h a r a c t e r i z e  both  t h e  c r y s t a l l i n e  and X-ray 
amorphous phases  i n  t h e  s o l i d  phases ,  p a r t i c u l a r l y  a t  c o n c e n t r a t i o n  
l e v e l s  below t y p i c a l  X-ray d i f f r a c t o m e t r y  d e t e c t i o n  l i m i t s .  The 
computer-ass is ted model WATEQ2 shou ld  n o t  be used i n d i s c r i m i n a t e l y  i n  
i t s  p r e s e n t  form w i t h  n o n d i l u t e  systems such a s  a c i d  mine d ra inage .  

@ Coal s o l i d  w a s t e s  do n o t  appear  t o  c o n t a i n  s u f f i c i e n t  amounts of , 

water - so lub le  o r g a n i c  compounds t o  pose s e r i o u s  environmental  
problems. A more complete and q u a n t i t a t i v e  i n v e s t i g a t i o n  would be 
u s e f u l  i n  e v a l u a t i n g  t h e  v a l i d i t y  of t h i s  conc lus ion .  

@ Given t h e  low pH and e l e m e n t a l  composi t ion of many c o a l  c l e a n i n g  
waste  l e a c h a t e s ,  t h e s e  complex f l u i d s  should be c h a r a c t e r i z e d  and 
t r e a t e d  a s  p o t e n t i a l l y  toxic-forming s u b s t a n c e s .  

@ Curren t  EPA c r i t e r i a  s t a t e  t h a t  1.0 m g / ~  Fe Is a s a f e  c o n c e n t r a t i o n  
f o r  f r e s h w a t e r  a q u a t i c  l i f e ,  These s t u d i e s  sugges t  a  s a f e  concen t ra -  
t i o n  of t o t a l  i r o n  l i e s  between 0.29 and 0,64 m g / ~  Fe. I n  l i g h t  of 
t h i s  r e s e a r c h  and o t h e r  s t u d i e s  (Smith e t  a l , ,  1979) f u r t h e r  inves -  
t i g a t i o n  i n t o  t h e  mechanisms of i r o n  t o x i c i t y  r e l a t e d  t o  fo rmat ion  of 
hydroxide p r e c i p i t a t e s  i s  war ran ted .  

@ The continuous-flow m i n i - d i l u t e r  system f o r  t o x i c i t y  t e s t i n g  should 
n o t  be used w i t h  complex s o l u t i o n s  t h a t  p r e c i p i t a t e  compounds l i k e  
f e r r i c  hydroxide;  t h e  c o a t i n g  e f f e c t s  of t h i s  p r e c i p i t a t e  n e c e s s i -  
t a t e s  a  r e g i m e n t a l  c l e a n i n g  schedu le  t o  m a i n t a i n  p roper  f low r a t e s .  
The system is  superb  f o r  t e s t i n g  non- i ron-conta ining l e a c h a t e s  . 

@ These t o x i c i t y  t e s t s  have been performed u s i n g  e x t r a c t s  g e n e r a t e d  i n  
t h e  l a b o r a t o r y ,  F u r t h e r  t e s t s  should  be i n i t i a t e d  t o  s t u d y  l e a c h a t e s  
c o l l e c t e d  from a c t u a l  f i e l d  l o c a t i o n s .  
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Table A-I. Chemical composition of e x t r a c t s  generated from 
samples of WSNG (concentrat ions i n  m g / ~ ) .  

Extract ion procedures. 

ASTM-A~ ASTM-B' E P ~  CAP LTE L V G ~  

'not determined. 
'average of th ree  r ep l i c a t e s .  
3sample taken a f t e r  147 days of equ i l i b r a t i on .  
4sample taken a f t e r  133 days of leaching. 
' r e l a t i ve  t o  normal hydrogen e lec t rode .  
6concentrat ion could not be determined due t o  s p e c t r a l  i n t e r f e r ences -  



Table A-2. Chemical composit ion of e x t r a c t s  generated from 
sample of WSOG (concen t ra t ions  i n  r n g / ~ ) .  

Ex t rac t ion  procedures  

ASTM-A~ ASTM-B~ E P ~  CAP LTE 

'not determined. 
2average of t h r e e  r e p l i c a t e s .  
3sample taken a f t e r  21 weeks of e q u i l i b r a t i o n .  
4 r e l a t i v e  t o  normal hydrogen e l e c t r o d e .  
'could not  be determined due t o  s p e c t r a l  i n t e r f e r e n c e s .  



Table A-3. Chemical composit ion of e x t r a c t s  generated from 
samples of OBG ( concen t ra t ions  i n  mg/~). 

Ext rac t ion  procedures 

ASTM-A~ ASTM-B~ E P ~   CAP^ LTE LVG" 

'not  determined. 
2average of t h r e e  r e p l i c a t e s .  
3sample taken a f t e r  147 days of e q u i l i b r a t i o n .  
4sample t aken  a f t e r  150 days of leaching. 
' r e l a t i v e  t o  normal hydrogen e lec t rode .  



Table A-4. Chemical composition of e x t r a c t s  generated from 
samples of t he  WSSL (concentrat ions i n  mg/~). 

Extract ion procedures 

ASTM-A~ ASTM-B~ E P ~   CAP^ LTE 

- - -- - -  - -- 

'not determined. 
2average of th ree  r ep l i c a t e s .  
3sample taken a f t e r  147 days of equ i l i b r a t i on .  
4 r e  l a t i v e  t o  normal hydrogen electrode.  
5could not be determined due t o  s p e c t r a l  in te r fe rences .  



Table A-5. Chemical composit ion of e x t r a c t s  generated from 
samples of DMNS ( concen t ra t ions  i n  m g / ~ ) .  

Ex t rac t ion  procedures 

ASTM-A~ ASTM-B~ E P ~  CAP LTE 

pH 
Eh ( m ~ ) ~  
EC (d~m- '1  
A l k a l i n i t y  
A 1  
A s  
Ba 
Be 
Ca 
Cd 
C 1  
C r  
Cu 
F 
Fe 
K 

Mg 
Mn 
Mo 
Na 
NH4 
N i  
P b 
Sb 
Se 
S i  
Sn 
so4 
v 
Zn 

'not determined. 
2average of t h r e e  r e p l i c a t e s .  

sample taken a f t e r  147 days of e q u i l i b r a t i o n .  
4 r e l a t  ive  t o  normal hydrogen e l e c t r o d e .  



Table A-6. Chemical composition of extracts generated from 
samples of DMOS (concentrations in mg/~). 

Extraction procedures 

pH 
Eh (m~)" 
EC (d~m-l) 
Alkalinity 
A1 
As 
Ba 
Be 
Ca 
Cd 
C1 
Cr 
Cu 
F 
Fe 
K 

Mg 
Mn 
Mo 
Na 
NH4 
Ni 
Pb 
Sb 
Se 
S i  
Sn 
so4 
v 
Zn 

'not determined. 
'average of three replicates. 
3sample taken after 147 days of equilibration. 
4relat ive to normal hydrogen. 



Table A-7. Chemical composit ion of e x t r a c t s  generated from 
samples of KG ( concen t ra t ions  i n  m g / ~ ) .  

Ex t rac t ion  procedures 

pH 
Eh ( r n ~ ) ~  
EC (d~m-l) 
A l k a l i n i t y  
A1 
As 
Ba 
Be 
Ca 
Cd 
C 1  
C r 
Cu 
F 
Fe 
K 
Mg 
Mn 
Mo 
Na 
NH4 
N i  
Pb 
Sb 
S e  
S i  
Sn 
so4 
v 
Zn 

'not determined. 
2average of t h r e e  r e p l i c a t e s .  
3sample taken a f t e r  147 days of e q u i l i b r a t i o n .  
4 r e l a t  ive  t o  normal hydrogen e lec t rode .  



W, R. Roy and I. G .  Krapac 

Argon suppor ted  i n d u c t i v e l y  coupled plasma (ICAP) is  among t h e  s t a t e - o f -  
t h e - a r t  a n a l y t i c a l  methods f o r  m u l t i e l e m e n t a l  a n a l y s e s .  Q u a n t i t a t i v e  
s imul taneous  e l e m e n t a l  deterrninat  i o n s  can be q u i c k l y  made from aqueous 
s o l u t i o n s ,  These c a p a b i l i t i e s  i n c l u d e  measurements of c o n s t i t u e n t s  such  
a s  a r s e n i c  o r  boron,  which a r e  not  e a s i l y  performed by conven t iona l  
a tomic  a b s o r p t i o n  o r  emiss ion  t echn iques  a t  t r a c e  l e v e l s .  

Complex s o l u t i o n s  such a s  t h e  high- i ron l a b o r a t o r y  e x t r a c t s  of t h e  c o a l  
s o l i d  w a s t e s  y i e l d e d  s p e c t r a l  i n t e r f e r e n c e s  t h a t  g r e a t l y  h i n d e r e d  t h e  
d e t e r m i n a t i o n  of c e r t a i n  t r a c e  e lements .  I r o n  has  many emiss ion  l i n e s ,  
many of which l i e  c l o s e  t o  t h e  primary o r  i n t e r n a t i o n a l  s p e c t r a l  l i n e s  
of o t h e r  e lements .  Th i s  s i t u a t i o n  i s  i l l u s t r a t e d  i n  f i g u r e  B-1. The 
ICAP used i n  t h i s  s t u d y  ( J a r r e l l - A s h  975 ICAP AtomComp) u s e s  t h e  259.99 nm 
wavelength  f o r  Fe and t h e  238.89 nm wavelength f o r  Co; however, t h e r e  
a r e  two i r o n  emiss ion  l i n e s  a t  238,863 nm and 238,940 nm. The s p e c t r a l  
band pass  of t h e  e x i t  s l i t  is  t y p i c a l l y  0.03 nm, T h i s  means t h a t  t h e  
d e t e c t o r  views a  wavelength  r e g i o n  of approximately  0.03 nm on e i t h e r  
s i d e  of t h e  a n a l y t i c a l  wavelength,  I n  o t h e r  words, t h e  d e t e c t o r  cannot 
r e s o l v e  s i g n a l s  emanating from t h e  c o b a l t  l i n e  from t h o s e  coming f rom 
t h e  near-by i r o n  l i n e s  a s  sugges ted  by f i g u r e  B-1. A s  t h e  i r o n  i n  
s o l u t i o n  i n c r e a s e s ,  s o  w i l l  i t s  a d d i t i o n  t o  t h e  c o b a l t  s i g n a l ,  producing 
a  g r e a t e r  apparen t  c o n c e n t r a t i o n  of Coo While Co was t h e  element most 
s u s c e p t i b l e  t o  s p e c t r a l  i n t e r f e r e n c e s  by i r o n ,  s e v e r a l  o t h e r  e lements  
were a l s o  i n f l u e n c e d  by t h e  p resence  of i r o n  ( t a b l e  B-I), aluminum, and 
s i l i c o n .  The magnitude of t h e  apparen t  c o n c e n t r a t i o n s  depends on t h e  
c o n c e n t r a t i o n  of t h e  i n t e r f e r i n g  element and s p e c i f i c  wavelengths  
s t u d i e d .  Ed iger  e t  a l ,  (1980) found t h a t  a p p a r e n t  c o n c e n t r a t i o n s  of C r  
ranged from 0.1 t o  0.8 mg/L u s i n g  a  1000 mg/L Fe s o l u t i o n  a t  wavelengths 
rang ing  from 205,55 t o  284.32 nm f o r  t h e  d e t e r m i n a t i o n  of C r .  

S p e c t r a l  i n t e r f e r e n c e s  a r e  not unique t o  ICAP but a r e  common problems i n  
any s p e c t r o s c o p i c  t e c h n i q u e ,  To overcome t h i s  problem i n  ICAP s p e c t r o -  
scopy,  e m p i r i c a l  c o r r e c t i o n  f a c t o r s  a r e  d e r i v e d  from s ingle-e lement  
s o l u t i o n s  a t  d i f f e r e n t  c o n c e n t r a t i o n s  a s  o u t l i n e d  by M a r c i e l l o  and Ward 
(1978) .  These f a c t o r s  a r e  used,  v i a  computer s o f t w a r e ,  t o  s u b t r a c t  ou t  
a r t i f a c t  emiss ions  g e n e r a t e d  by major aqueous s p e c i e s  t h a t  enhance t h e  
emiss ion  s p e c t r a  of o t h e r  c o n s t i t u e n t s  a t  t r a c e  l e v e l s ,  These cor rec -  
t i o n  f a c t o r s  v a r y  from i n s t r u m e n t  t o  i n s t r u m e n t  and many such f a c t o r s  
have been r e p o r t e d  and used i n  g e n e r a t i n g  t r a c e  c o n s t i t u e n t  d a t a .  



Table B-1. Interelement interferences generated by iron 
at a concentration of 100 m g / ~  Fe. 

Element Wave l e n g t h  Apparent Typical  
e f f e c t e d  (nm) concen t ra t  ion  (mg/~) d e t e c t i o n  l i m i t 1  (mg/L) 

Co 238.89 2.51 0.003 

A 1  308.22 0.77 0.03 

Mn 257 .O 1 0.46 0.007 

B 249.77 0.42 0.003 

Sn 189.99 0.24 0 .03 

Ba 455.4 0.11 0.001 

Cu 324.75 0.11 0,003 

S b  206 -53 0.06 0.01 

Pb 220.35 0.06 0.01 

Zn 206.20 0 .05 0.04 

V 292.4 0.03 0.02 

Cr 267.72 0 .03 0 .O 1 

N i  23 1.60 0.03 0.02 

Be 3 13 .04 0.02 0.003 

' twice the  s t andard  d e v i a t i o n  of 10 determinat ions  of an a c i d i f i e d  
s o l u t i o n  of deionized water.  



Analytical cobalt line (238.892 nm) 

I+ Interfering iron lines 
u 

1-1 
Bandpass (0.06 - 0.08 nm) 
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Figure B-1 
Relationship between the spectral bandpass, analytical cobalt emission line, and two interfering iron lines. 



I n  t h e  course  of t h e  p r o j e c t ,  c o r r e c t i o n  f a c t o r s  were d e r i v e d  and 
t e s t e d .  The a p p a r e n t  c o n c e n t r a t i o n  of some e l e m e n t s ,  such as ,  i n c l u d i n g  
c o b a l t ,  were a l s o  reduced by a d j u s t i n g  t h e  p o s i t i o n  of t h e  band pass  t o  
p a r t i a l l y  e x c l u d e  t h e  i r o n  l i n e s  r e l a t i v e  t o  t h e  a n a l y t i c a l  l i n e .  
Comparisons of c o r r e c t e d  c o n c e n t r a t i o n s  w i t h  a n a l y t i c a l  r e s u l t s  from 
c o n v e n t i o n a l  a tomic  a b s o r p t i o n  i n d i c a t e d  t h a t  t h e s e  e m p i r i c a l  c o r r e c t i o n  
f a c t o r s  were capab le  of e l i m i n a t i n g  t h e  i n t e r f e r e n c e s  f o r  most of t h e  
t r a c e  e lements .  It  was found,  however, t h a t  d e t e r m i n a t i o n s  of V ,  Mn, B ,  
and Co a t  c o n c e n t r a t i o n s  less t h a n  1  mg/L were s t i l l  u n r e l i a b l e  i n  some 
s o l u t i o n s  c o n t a i n i n g  Fe i n  c o n c e n t r a t i o n s  exceed ing  100 rng/L. 
Consequent ly ,  d a t a  f o r  t h e s e  e lements  were f r e q u e n t l y  omi t t ed  i n  t h e  
a n a l y t i c a l  r e s u l t s  r e p o r t e d  i n  t h i s  s t u d y .  R e f i n i n g  t h e  a n a l y t i c a l  
c a p a b i l i t i e s  of ICAP f o r  t r a c e  e lements  i n  t h e  p resence  of i r o n  i s  a  
c u r r e n t  a r e a  of s t u d y  by t h e  a u t h o r s .  I t  i s  recommended t h a t  determin-  
a t i o n s  of t r a c e  c o n s t i t u e n t s  i n  complex s o l u t i o n s  be r o u t i n e l y  checked 
by independen t  methods a n d / o r  by d i f f e r e n t  sample p r e p a r a t i o n  
p rocedures  . 
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Table  C-1. Chemical composi t ion  of a c u t e  b i o a s s a y  test s o l u t i o n s  
gene ra t ed  from OBG was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of  v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Daphnia magna. 

Range of  
concent , ra t  i o n  Recommended wa te r  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) (mg/LIa change b  rC 

%ATE v a l u e s  c i t e d  from Cle land and Kingsbury (1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t  i o n  t o  m u l t i p l e  r e g r e s s i o n  of  chemical  composi t ion  on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table  C-2. Chemical composit ion of a c u t e  b ioassay  t e s t  s o l u t i o n s  
gene ra ted  from OBG waste  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Lepomis c y a n e l l u s .  

Range of 
c o n c e n t r a t  i o n  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) ( m g / ~ I a  changeb rc 

%UTE v a l u e s  c i t e d  from Cleland and Kingsbury ( 1977) u n l e s s  o therwise  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of chemical  composi t ion  on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  va lue  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (U.S.  EPA, 1976). 



Table C-3. Chemical composit ion of a c u t e  b ioassay test s o l u t i o n s  
generated from OBG waste and t h e  c o r r e l a t i o n s  between 
t h e  concen t ra t ions  of v a r i o u s  chemical c o n s t i t u e n t s  
and m o r t a l i t y  i n  Pimephales promelas. 

- - 

Range of 
concen t ra t  ion  Recommended water 

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) ( m g / ~ ) ~  change rC 

'MATE va lues  c i t e d  from Cleland and Kingsbury ( 1977) un less  otherwise ind ica ted .  

bcon t s ibu t ion  t o  mul t ip le  r e g r e s s i o n  of chemical composit ion on m o r t a l i t y .  

' l i nea r  r e g r e s s i o n  va lue  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrorn Qua l i ty  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table C-4. Chemical composit ion of a c u t e  b ioassay  t e s t  s o l u t i o n s  
genera ted  from OBG waste and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Physa a n a t i n a .  

Range of 
c o n c e n t r a t i o n  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 2  
(mg/L) ( n g / ~ > ~  changeb r C  

%ATE v a l u e s  c i t e d  from Cleland and ~ i n g s b u r y  (1977) u n l e s s  o therwise  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of chemical  composit ion on m o r t a l i t y .  

' l i nea r  r e g r e s s i o n  va lue  ( s t a t i s t i c a l  s i g n i f i c a n c e ) .  

dfrorn Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table  C-5. Chemical composi t ion  of  a c u t e  b ioas say  t e s t  s o l u t i o n s  
gene ra t ed  from WSNG was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Lepomis c y a n e l l u s .  

Range of 
c o n c e n t r a t  i o n  Recommended wa te r  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) (mg/LIa Changeb rC 

'MATE v a l u e s  c i t e d  from Cle land and Kingsbury (1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of chemical  composit i o n  on m o r t a l i t y .  

' l i nea r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (u.s .  EPA, 1976). 



Table  C-6. Chemical composi t ion  of  a c u t e  b ioas say  t e s t  s o l u t i o n s  
gene ra t ed  from WSNG was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of  v a r i o u s  chemical c o n s t i t u e n t s  
and m o r t a l i t y  i n  Pimephales promelas.  

--- -- - 

Range of 
c o n c e n t r a t  i on  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) (mg/LIa Change 

b r C 

'MATE v a l u e s  c i t e d  from Cle land and Kingsbury ( 1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of  chemical  composit i o n  on m o r t a l i t y .  
C 

l i n e a r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. ( U . S .  EPA, 1976). 



Table C-7. Chemical composition of acute bioassay test solutions 
generated from WSNG waste and the correlations between 
the concentrations of various chemical constituents 
and mortality in Physa anatina. 

Range of 
concentration Recommended water 

in test solutions quality levels 
(mg /L) ( m g m  a 

r2 b c 
Change r 

%ATE values cited from Cleland and Kingsbury (1 977) unless otherwise indicated. 

bcontribution to multiple regression of chemical composition on mortality. 

'linear regression value (statistical significance). 

d£rom Quality Criteria for Water (U.S. EPA, 1976) .  



Table C-8. Chemical composit ion of a c u t e  b ioassay t e s t  s o l u t i o n s  
generated from WSOG waste and t h e  c o r r e l a t i o n s  between 
t h e  concen t ra t ions  of v a r i o u s  chemical c o n s t i t u e n t s  
and m o r t a l i t y  i n  Daphnia magna. 

Range of 
concen t ra t ion  Recommended water 

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) (mg/Ua Change 

b r 

'MATE va lues  c i t e d  from Cleland and Kingsbury (1977) un less  o therwise  ind ica ted .  

bcon t r ibuf ion  f o  mul t ip le  r e g r e s s i o n  of chemical composit ion on m o r t a l i t y .  

' l inear  r e g r e s s i o n  va lue  ( s t a t  i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Quality C r i t e r i a  f o r  Water (U.S.  EPA, 1976). 



Table C-9. Chemical composit ion of a c u t e  b ioassay  t e s t  s o l u t i o n s  
genera ted  from WSOG waste and t h e  c o r r e l a t i o n s  between 
t h e  concen t ra t ions  of v a r i o u s  chemical  c o ~ s t i t u e n t s  
and m o r t a l i t y  i n  Lepomis cyane l lus .  

Range of 
c o n c e n t r a t i o n  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r2  
( m g / ~ )  (mg/LIa changeb rC 

a~~~ va lues  c i t e d  from Cleland and ~ i n g s b u r y  (1977) u n l e s s  o therwise  i n d i c a t e d .  

b r o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of chemical  composit ion on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  va lue  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  c r i t e r i a  f o r  Water. (U.S .  EPA, 1976). 



Table C-10. Chemical composit ion of a c u t e  b ioassay t e s t  s o l u t i o n s  
generated from WSOG waste and t h e  c o r r e l a t i o n s  between 
t h e  concen t ra t ions  of v a r i o u s  chemical c o n s t i t u e n t s  
and m o r t a l i t y  i n  Pimephales promelas. 

-- 

Range of 
concen t ra t ion  Recommended water  

i n t e s t  s o l u t i o n s  q u a l i t y l e v e l s  r2 
(mg/L) ( m g / ~ > ~  changeb rC 

%ATE v a l u e s  c i t e d  from Cleland and ~ i n g s b u r y  (1977) un less  o therwise  i n d i c a t e d .  

bcon t r ibu t ion  t o  mul t ip le  r e g r e s s i o n  of chemical composit ion on m o r t a l i t y .  
C l i n e a r  r e g r e s s i o n  va lue  ( s t a t  i s  t i c a l  s i g n i f i c a n c e  ) . 
dfrom Qua l i ty  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table C-11.  Chemical composit ion of a c u t e  b ioassay t e s t  s o h t i o n s  
generated from WSOG waste and t h e  c o r r e l a t i o n s  between 
t h e  concen t ra t ions  of v a r i o u s  chemical c o n s t i t u e n t s  
and m o r t a l i t y  i n  Physa a n a t i n a .  

Range of 
concen t ra t  i o n  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 
(mg/L) ( m g / ~ ) ~  changeb r C 

%ATE va lues  c i t e d  from Cleland and Kingsbury (1977) un less  o therwise  ind ica ted .  

bcon t r ibu t ion  t o  m u l t i p l e  r e g r e s s i o n  of chemical composit ion on m o r t a l i t y .  

' l i nea r  r e g r e s s i o n  va lue  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Qua l i ty  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table  C-12. Chemical composi t ion  of a c u t e  b ioassay  test s o l u t i o n s  
gene ra t ed  from WSSL waste  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Daphnia magna. 

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

Range of 
c o n c e n t r a t  i o n  Recommended water  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 2  
( m g / L )  (mg/LIa changeb rC 

a~~~~ va lues  c i t e d  from Cle land and Kingsbury ( 1977) u n l e s s  o therwise  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of chemical  composif i on  on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EPA, 1976) .  



Table  C-13. Chemical composi t ion  of a c u t e  b i o a s s a y  t e s t  s o l u t i o n s  
gene ra t ed  from WSSL was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of  v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Lepomis c y a n e l l u s .  

Range of 
c o n c e n t r a t  i o n  Recommended wa te r  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 2  
(mg/L) ( m g L I a  changeb rc 

 ATE v a l u e s  c i t e d  from Cle land and Kingsbury (1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s  i o n  of  chemical  cornposit i o n  on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  v a l u e  ( s t a t  i s t i c a l  s i g n i f i c a n c e )  . 
dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 



Table  C-14. Chemical composi t ion  of a c u t e  b i o a s s a y  t e s t  s o l u t i o n s  
gene ra t ed  from WSSL was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of  v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Pimephales promelas.  

Range of 
c o n c e n t r a t  i o n  Recommended wa te r  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r2  
(mg/L) (mg/LIa changeb rC 

%ATE v a l u e s  c i t e d  from Cle land and Kingsbury (1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  of  chemical  composi t ion  on m o r t a l i t y .  

' l i nea r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e ) .  

dfrom Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EFA, 1976). 



Table  C-15. Chemical composi t ion  of a c u t e  b i o a s s a y  test s o l u t i o n s  
gene ra t ed  from WSSL was t e  and t h e  c o r r e l a t i o n s  between 
t h e  c o n c e n t r a t i o n s  of  v a r i o u s  chemical  c o n s t i t u e n t s  
and m o r t a l i t y  i n  Physa a n a t i n a .  

Range of 
c o n c e n t r a t  i o n  Recommended wa te r  

i n  t e s t  s o l u t i o n s  q u a l i t y  l e v e l s  r 2  
(mg/L) (mg/LIa changeb r C 

a~~~~ v a l u e s  c i t e d  from Cle land and Kingsbury ( 1977) u n l e s s  o the rwi se  i n d i c a t e d .  

b c o n t r i b u t i o n  t o  m u l t i p l e  r e g r e s s i o n  o f  chemical  composi t ion  on m o r t a l i t y .  

' l i n e a r  r e g r e s s i o n  v a l u e  ( s t a t i s t i c a l  s i g n i f i c a n c e ) .  

dfrorn Q u a l i t y  C r i t e r i a  f o r  Water. (U.S. EPA, 1976). 




