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ABSTRACT 

In parallel  with pursuing the goal of increased u t i l iza t ion  of 

low-rank sol id  fue l s ,  the U.S. Departmcnt of Energy i s  investigating 

various aspects associated with the disposal of coal-combustion solid 

wastes. Concern has been expressed re la t ive  to  the potential hazards 

presented by leachates from f l y  ash, bottom ash and scrubber wastes. 

This i s  of par t icular  in te res t  in some regions where disposal areas 

overlap aquifer recharge regions. 

The heseern r e g < O n S  of the United States are  characterized by 

relat ively dry alkal ine so i l s  which may ef fec t  substantial attenuation 

of contaminants in the luachates thereby reducing the pollution potential .  

A project has been in i t ia ted  to  study the contaminant uptake of 

western s o i l s .  This e f for t  consists of two phases: 1)  Preparation of 

a s ta te -of - the-ar t  document on soil attenuation; and 2 )  Laboratory ex- 

perimental studies to characterize attenuation of a western s o i l .  The 

state-of-the-art  document, represented herein, presents the resul t s  of 

studies on the charac ter i s t ics  of selected wastes, reviews the suggested 

model s which account f o r  the uptake, discusses the special ized col umnar 

laboratory studies on the interaction of leachates and s o i l s ,  and gives 

an overview of character is t ics  of Texas and Wyoming so i l s .  
. . 



SECTION 1 

INTRODUCTION 

As a  consequence o f  t h e  wel l -known problems assoc ia ted  w i t h  t h e  

a v a i l a b i l i t y  o f  l i q u i d  and gaseous hydrocarbons, t h e  U.S. Department o f  

Energy i s  p romot ing  t h e  u t i l i z a t i o n  o f  low-rank Western coa l s .  T y p i -  

c a l l y ,  these s o l i d  f u e l s  a re  o f  modest hea t  c o n t e n t ,  o f  a  r e l a t i v e l y  

h i g h  ash f r a c t i o n  and o f  moderate s u l f u r  percentage.  When combusted 

on t h e  sca le  c u r r e n t l y  env is ioned ,  t h e  r e s u l t i n g  s o l i d  waste d i sposa l  

problem cou ld  be s u b s t a n t i a l .  Leachates from b o t h  t h e  ash and t h e  

scrubber  s ludge may have t h e  p o t e n t i a l  f o r  con tam ina t i ng  groundwater 

which cou ld  l e a d  t o  t h e  n e c e s s i t y  f o r  expens ive d i s p o s a l  methods; how- 

ever ,  t he  q u e s t i o n  o f  t h c  f a t e  o f  t he  contaminants  ?n t h e  s o i l s  has 

n o t  been adequate ly  addressed. It may be t h a t  these m i g r a t i o n s  o f  

contaminant  m a t e r i a l s  i n t o  t h e  wate r  reserves  i s  n o t  o f  consequence 

due t o  contaminant  uptake by  t h e  s o i l s .  

Under c o n t r a c t  f rom the  Grand Forks Energy Technology Center o f  

U.S. DOE, t h e  Texas A&M Research Foundat ion has under taken a  two- 

phase program t o  i n v e s t i g a t e  t h e  phenu~rler~on o f  s o i l s  uptake. The 

f i r s t  phase, r e p o r t e d  he re i n ,  i s  a  summary o f  t h e  l i t e r a t u r e  on t h e  

waste d i sposa l  problem w i t h  p a r t i c u l a r  emphasis on t h e  c h a r a c t e r i z a t i o n  

of t he  wastes, l eacha tes ,  s o i l s  and uptake mechanisms. The second 

phase w i  11 i n v o l v e  expe r imen ta t i on  t o  o b t a i n  r e p r e s e n t a t i v e  da ta  on 

s o i l  uptake and t o  model t he  uptake processes. 



SECTION 2  

BACKGROUND INFORMATION 

The l o c a t i o n s  o f  the  p r i n c i p a l  l i g n i t e ,  subbi  tuminous, and 

b i tuminous  coa l  r ese rves  o f  t he  U.S. a re  i l l u s t r a t e d  i n  F igure  2-1. 

It may be no ted  t h a t  ' t h e r e  a re  s u b s t a n t i  a1 bands o f  1 i g n i t e  i n  Texas 

and the  No r the rn  Great  P l a i n s  , and 1  arge areas o f  subbi  tumi nous coa l  

i n  t h e  r e g i o n  cen te red  about Wyoming. These coa l  depos i t s  a r e  c u r -  

; r e n t l y  s u b j e c t  t o  l a r g e - s c a l e  development p r o j e c t s .  

F igure  2-1. L i g n i t e  and Bi tuminous Coal F i e l d s  i n  t h e  Contiguous 
U n i t e d  S ta tes .  (Compi l e d  From: A v e r i t t  , 1975; 
A r b i  ngast  , 1976; and Hoski ns and Russel 1, 1982) 



2.1 OVERVIEW OF WESTERN COAL DEVELOPMENT 

There has been a r e c e n t  r e v i v a l  o f  i n t e r e s t  i n  coa l  ,. e spec ia l  l y  

low rank  coa l ,  as an energy source. T h i s .  has come about l a r g e l y  as 

a r e s u l t  o f  t h e  1973 OPEC o i l  embargo and t h e  consequent perce ived  

energy c r i s i s .  I n  a c t u a l i t y  t h i s  re-emphasis was a n t i c i p a t e d  d u r i n g  

t h e  l a t e  1950I.s -and t h e  1960 's  as coa l  producers and e l e c t r i c  u t i l i t i e s  

began t o  o b t a i n  coa l  leases f o r  l a r g e  t r a c t s  o f  wes te rn  coa l  and Texas 

l i g n i t e  (Fr iggens,  1974; Energy Resources Co., Inc . ,  1980). The i n -  

crease i n  use o f  these low rank  coa l s  i s  r e f l e c t e d  by t h e  p roduc t i on  

s t a t i s t i c s  shown i n  F igu re  2-2. 

1968 1970 1972 1974. 1976 1978 

YEAR 

Figure  2-2. Low-Rank Coal P roduc t i on  
(Energy Resources Co., I n c .  , 1980). 



The U.S. reserves of these low rank coals are roughly equivalent 

to the reserves for  higher rank coals. Estimates of identified re- 

sources of low rank coals are on the order of 1 t r i l l i o n  tons with an 

economically recoverable strippable reserve base of 100 b i l l ion  tons. 

An additional 108 b i l l ion  tons of subbituminous coal i s  c lassif ied as 

economically recoverable reserve base by underground mining. This may 

be compared with estimates for  bituminous coal which are 75 b i l l  ion 

tons of ident i f ied resources, 47 b i l l ion  tons of strippable reserve 

base, and 182 b i l l ion  tons reserve base recoverable by underground 

mining. On a B t u  basis recoverable bituminous coal reserves exceed 

those of low rank coals by about twenty percent b u t  low rank coal re- 

serves exceed reserves of o i l ,  natural gas, and shale o i l  combined by 

almost 200 percent (Energy Resources Co., Inc. , 1980). 

These coals have a luwer heat poter~t ial  than the rrlure t radi t iundl ly 

used bituminous coal. Lignite i s  c lassif ied as coal with a heat value 

less  than 8300 Btu/lb on a moist, mineral-matter-free (m,mmf) basis 

while subbituminous coal i s  that  with heat values between 8300 and 11,500 

Btu/l b (m,mmf) (Energy Resources Co. , Inc., 1980). The western subbi t u m -  

inous coals do have the a t t rac t ion  of s ignif icant ly lower sulfur  content 

than the midwestern bituminous coals. Table 2-1 provides data for  com- 

parison of various coals. The moisture content and oxygen content de- 

crease with increasing rank, the heating value Increases with increasing 

rank as does the carbon content. The heating values for  both the Fort 

Union and Texas l iqn i t e s  are near the national average, and the values 

for the Powder River Basin subbi tuminous coals are likewise. 

Because of the lower heat value, economics often d ic ta te  tha t  the 



Proper ty  

Proximate Ane.lysis 
(As Received Basis) 

B tu  Heating Vi lue,  

Moisture, weight percent 

Ash Content, weight percent  

Dry, Mineral-Matter-Free Basis 
(d,mlf) 

Table 2-1. Selected Proper t ies  of U.S. Coals 

(Energy Resources Co., Inc . ,  1980) 
I 

L i g n i t e  

Gu l f  Region For t  
5 .  Average Texas Union 

Carbon, wei ght  percent 6 3 62.1 71.9 

Hydrogen. weight percent 5.0 6.1 4.9 

Oxygen, weight percent 21 28.8 21.0 

Su l fu r ,  weight percent 1.9 1.-2. 1.1 

Ni t rogen,  weight percent 1.1 1.1 

Subbi tumi nous Bituminous 

Powder Green 
U.S. R ive r  R ive r  San Juan U.S. 

a ~ o i s t ,  Mineral-Matter-Free Basis (m,mmf) 

b ~ e x a s  Rai 1 m a d  Comiss ion:  ln format ior i  and S t a t i s t i c a l  Facts on Coal and Uranium Mining i n  Texas 

 exas as W i  l cox  format ion 

d ~ e x a s  Yegua-Jackson format ion 

e ~ r o m  Kaiser  (1974) 



coa l  must be used near t he  mine as i s  done w i t h  "minemouth" e l e c t r i c  

u t i l i t y  opera t ions .  I n  such cases combustion waste products,  such as 

bottom and f l y  ash and sludge m a t e r i a l s  from f l u e  gas d e s u l f u r i z a t i o n  

(FGD) processes, w i  11 be disposed o f  a t  t h e  mine s i t e .  

The amount o f  these combustion by-products v a r i e s  w i t h  t h e  type  o f  

p o l l u t i o n  c o n t r o l  and w i t h  coal p r o p e r t i e s  such as heat  value, and s u l -  

f u r  and ash content .  Lacy e t  a l .  (1979) have est imated t h a t  a  1500 MW 

p l a n t  w i l l  generate f rom 300,000 t o  500,000 d r y  tons o f  FGD sludge pe r  

year, and two t o  t h r e e  t imes as much f l y  ask. As can be seen, dlsposal 

of  these wastes w i l l  r e q u i r e  cons iderab le  land  usage; t he  p r o j e c t i o n  

fo r  Texas i n  t h e  year  2020 i s  32,400 acres (Radian Corp. , 1978). This  

w i l l  o f  course be incorpora ted  i n t o  the  rec lamat ion  p lan,  a  considera- 

t i o n  i n  t h e  development o f  which should be t h e  a rea l  ex ten t  o f  groundwater 

exposure. 

2.1.1 The Powder R i ve r  Region Subbituminous Coal 

The Powder R i ve r  Basin o f  nor theas t  Wyoming and southeast Montana 

has t h e  l a r g e s t  concen t ra t i on  o f  coal resources o f  any comparably-sized 

area i n  t h e  Un i ted  States.  I n  1974 t h e  p r o j e c t i o n  f o r  1990 p roduc t i on  

was 793 m i l l i o n  tons ( A v e r i t t ,  1975) w h i l e  1978 p roduc t i on  was over  80 

mi 11 i o n  tons (Energy Resources Co., Inc . ,  1980). W i t h i n  t h i s  r e g i o n  

the  0-Wyod~k-Andel-so11 bed i s  l t ~ u  bus t  ltnown and t h i c k e s t  w i t t i  &pus i t s  

r ang ing  f rom a  minimum o f  25 f e e t  t o  a  maximum o f  150 f e e t  (both l o c a l  

occurences o n l y )  w i t h  t h e  usual range l l lvre on the  o rde r  o f  50 t o  100 

f e e t .  It i s  est imated t h a t  o f  over  100 b i l l i o n  tons o f  coal i n  t h e  

format ion,  15 b i l l i o n  tons  l i e  w i t h i n  t h e  r e g i o n  bounded by the  outcrop 

t o  t h e  1 i n e  de f i ned  by the  depth o f  overburden reaching 200 f e e t  and 



a re  recove rab le  by s t r i p  m i n i n g  methods ( A v e r i t t  , 1975).  The resources  

o f  t h e  r e g i o n  appear i n  Table 2.2. I n  b o t h  Wyoming and Montana, t h e  

minimum seam th i ckness  f o r  s t r i p p i n g  i s  taken  as f i v e  fee t .  I d e n t i f i e d  
% .  . . .  

r esources  t o t a l  238 b i l l i o n  tons  w i t h  a lmost  a  q u a r t e r  o f  t h a t  be ing  

cons idered t h e  demonstrated coa l  r ese rve  base. To p u t  t h i s  i n  perspec- 

t i v e ,  t h e  t o t a l  economica l l y  r ecove rab le  r ese rve  base Tor low rank  coa l s  

i n  t h e  Un i t ed  S ta tes  i s  208 b i l l i o n  tons  (Energy Resources Co., Inc . ,  

1980). F i gu re  2-3 p o r t r a y s  t h e  subbi  tumi nous resource  area, shows t h e  

s t r i p p a b l e  depos i t s ,  and i n d i c a t e s  subbi tuminous mine l o c a t i o n s .  

Table  2-2. Subbituminous Coal Reserves 

o f  t h e  Powder R i v e r  Region 

(Energy Resources Co. , I n c .  , 1980) 

State ' ~ d e n t i f i e d  Demonstrated b ~ t r i p p i n g  Maximum 
Resources Coal Reserve Base Ra t io  Overburden 

{ b i l l i c n  tons)  ( b i l l i o n  tons)  Depth 
( fee t )  

Montana 127.9 34.5 8 : l  125 

Uyomi nq 110.2 . 23.0 1 0 : l  120 

To ta l  238.1 57 .5  

' ~ d e n t i f i e d  resources inc lude  demonstrated and i n f e r r e d  measures 2+ 
f e e t  o r  more t h i c k  t o  an overburden depth o f  3000 fee t .  

b ~ e f e r s  t o  maximum f e e t  o f  overburden th ickness a t  the h ighwa l l  pe r  
f o d t  o f  coalbed thickness. 

2.1.2 F o r t  Union Region L i g n i t e  

The F o r t  Union Region, F i gu re  2-4, which c o n t a i n s  l i g n i t e  

reserves  has been c a l l e d  t h e  l a r g e s t  coa l  b a s i n  on e a r t h .  The r e g i o n  

i s  c h a r a c t e r i z e d  by moderate ly  t h i c k  seams and v e r y  f a v o r a b l e  

s t r i p p i n g  r a t i o s .  The minimum economical 1  y recove rab le  seam t h i c k -  

ness i s  cons idered  t o  be  f i v e  f e e t .  A conse rva t i ve  e s t i m a t e  of 



LEGEND: 

IDENTIFIED SUBBITUMINOUS 

STRl PPABLE DEPOSITS 

ACTIVE SURFACE MINES 

I. DECKER WEST 

2. DECKER EAST 

3. ABSALOKA 

4. COAL CREEK 

5. BI'G SKY 

6. ROSEBUD 

7! B E L L E  AYR 

8. BIG HORN NO. I 

9, Rnwt i i i [ jE  

10. DAVE JOHNSTON 

II. CORDER0 

12. BLACK YHLINDER 
13. NYODAK 

14. JACOBS RANCH 

15. CABALLO 

16. EAGLE BUTTE 

17. BLACK MOUNTAIN 

RESOURCE AREA 

NORTH 
DAKOTA 

SOUTH 
DAKOTA 

F i g u r e  7-3. Powder R i v e r  Keg i o n  S t r l p p a b l  e 

Subbi t u m i n o ~ l c .  n ~ p n ~ i  t .s and Mine Loca t i ons .  

(Energy Resources Co., Inc. , 1980) 



LEGEND: 

IDENTI F I E 0  LIGNITE RESOURCE AREA 

STRl PPABLE LIGNITE DEPOSITS 

ACTIVE SURFACE MINES 

I.  BAUKOL - NOONC\N,INC. 

2 VFl  VA M lNE 

3. GLENHAROLD M l N E  

4 .  BAUKOL- NOONAN, INC. 

5. BEULAH MlNE 

6. INDIAN HEAD MlNE 

7. LEHIGH MlNE 

8. FALKIRK MlNE 

9. GASCOYNE ( PEERLESS) MINE 

10. SAVAtit. M lNE 

F i g u r e  2-4. F o r t  Union Region S t r i p p a b l e  

L i g n i t e  D e p o s i t s  and Mine Loca t i ons .  

(Fnergy Resources Co. , Inc  . , 1980) 



26.3 b i l l i o n  tons  of demonstrated coal reserve base appears i n  Table 2.3; 

however, some es t imates  f o r  North Dakota a lone range as h igh  as 40 b i l l i o n  

tons .  F igure  2-4 i d e n t i f i e s  t h e  l i g n i t e  resource area, the s t r i p p a b l e  

deposi ts ,  and a c t i v e  l i g n i t e  mine l oca t i ons .  A l l  i d e n t i f i e d  reserves 

a re  w i t h i n  1000 f e e t  o f  the  surface. 

Table 2-3. L i g n i t e  Coal Reserves 

o f  t h e  F o r t  Union Region 

(Energy-Resources Co., Inc . ,  1980) 

Sta te  a ~ d e n t i f i e d  Demonstrated b ~ t r i p p i n g  Maximum 
Resources Coal Reserve Base R a t i o  Overburden 

( b i l l i o n  tons) ( b i l l  i o n  tons) Oepth 
( f e e t )  

Nor th Dakota 350.6 10.1 10: l  100 

Montana 112.5 15.8 8:: 125 

SouthOakuta 2.2 0.4 1 2 : l  100 - 
Total  465.3 26.3 

a ~ d e n t i f i e d  resources inc lude  demonstrated and i n f e r r e d  resources 2f 
f e e t  t h i c k  t o  an overburden depth o f  3000 feet .  

. , -  

b ~ e f e r s  t o  maximum fee t  o f  overburden th ickness a t  the h ighwa l l  pe r  
f o o t  o f  coalbed tkiekness. 

The l i g n i t e  has an ash content  on the  order  o f  5 t o  10 percent  which 

i s  1 ow f o r  1  i g n i t e  (Texas 1 i g n i t e  averages 15  pe rcen t ) .  The su l  f u r  

content  i s  a l s o  l ow  a t  l e s s  than 1 percent  on an "as-received" b a s i s  

These f i g u r e s  of course must be tempered by t h e  r e a l i z a t i o n  t h a t  on a  

B tu  bas is ,  t h e  content  of ash and s u l f u r  w i l l  be l e s s  favorab le  than f o r  

more e f f i c i e n t ,  h igher  rank coals.  The f i g u r e s  a r e  nonetheless favorab le .  



. . .  
2.1.3 Green River Region 

Located in southwestern wyomi ng and northwestern Colorado, t h e .  

Green River Region has estimated or ig ina l  subbi tumi nous coal resources 

of 25.3 b i l l i o n  tons ,  v iz .  Table 2-4. The' region has even more substan- 

t i a l  bituminous resources and some an th rac i t e  which a re  not considered 

here. There a re  th ree  subbituminous mines i n  the  region (Figure 2-5) 

and some addit ional  mines which contain both bituminous and subbi timi nous 

coals (not  shown). When considering both  underground and s t r i ppab l e  re- 

serves the  demonstrated reserve base fo r  t h e  Colorado port ion of the  

region i s  estimated as 6.68 b i l l i o n  tons.  The s t r ippab le  port ion i s  

about 1 .0  b i l l i o n  tons in  Colorado and 1.9 b i l l i o n  tons i n  Wyoming. 

Table 2-4. Subbituminous Coal Resources 

of the  Green.River Region 

(Energy Resources Co. , Inc. , 1980) 

Sta te  ' ~ d e n t i f i e d  Maximum Maximum Maximum 
Subbi tumi  nous b ~ t r i p p a b l e  Seam Overburden S t r i p p i n g  
Coal Resources Tonnages Thickness Thickness R a t i o  
( b i l l i o n  tons)  ( b i l l i o n  tons)  ( f e e t )  ( f e e t )  

Wyoming 6.051 1.9 5 120 1O:l 

Colorado 19.3 1.0 2 150 - 
Tota l  25.3 2.9 

a ~ d e n t i  f i e d  resources inc lude  demonstrated (measured and i n d i c a t e d )  and 
i n f e r r e d  resources 2 1  f e e t  o r  more t h i c k  t o  an overburden depth o f  3C00 
f e e t .  Colorado resources inc lude  coals  t o  6000. feet .  which by d e f i n i t i o n  
a re  considered est imated resources. 

b ~ o l o r a d o  est imates are f o r  s t r i p p a b l e  resources; Mymino  est imates are 
f o r  reserves. 

There i s  a minimal amount, of data on the  thickness and depth of 
. 

the coal seams, and the ash and su l fu r  content a re  not well defined. 

The bed thicknesses usually a re  on the  order of 24 t o  10 f e e t .  The 

su l fu r  content can be as high as 5 percent,  but usually i s  much lower. 

Ash contents as high as  25 percent have been recorded, .but  a range of 



I RIO BLANCO 
,=-= 
I 

p - - - - - A  LICENSED SUBBlTUklNOUS COAL MINES 
LEGEND: 

BITUMINOUS 

SUBBITUMINOUS 

STRIPPABL~ 

I JIM BRIDGER 

2 TRAPPER 

3 EAGLE * 5  

EAGLE # ?  

HAYDEN GULCH 

PLANNED SUBBITUMINOUS COAL MINES 

EAGLE # 7  

SUN 

F igu re  2-5. Green R i v e r  Region S t r i p p a b l  e 

Subbituminous D e p o s i t s  and Mine Loca t ions .  

(Energy Resources Co. , Inc . , 1980) 



f r om 5 t o  10 percen t  i s  more usua l .  

Data f o r  . e i g h t  samples f r om t h e  Yampa F i e l d ,  which has about  ,314 

of Co lo rado 's  s t r i p p a b l e  resources s'how an average mo i s tu re  con ten t  o f  

8.0 pe rcen t  w i t h  a  h i g h  o f  10.9 pe rcen t  and a  l ow  o f  5.7 pe rcen t  .' The 

ash con ten t  ranged f rom 3.0 t o  17.8 percen t  w i t h  an average o f  8.8 

percent .  Heat con ten t  was v e r y  good averag ing  over  11,000 B t u / l b  w i t h  

a  h i g h  and low r e s p e c t i v e l y  o f  12,440 B t u / l b  and 10,400 B t u / l b .  A l l  

o f  t h e  above data were determined f o r  an "as- received bas i s " .  

2.1.4 G u l f  Coast and Texas L i g n i t e  

The G u l f  Coast has 68.3 b i l l i o n  t ons  o f  t o t a l  reserves  o f  l i g n i t e ,  

o f  which 52.2 b i l l i o n  tons  a r e  i n  Texas. As shown i n  Tab le  2-5 t h e  

demonstrable reserve  base f o r  t h e  r e g i o n  i s  11.6 b i l l i o n  t ons  w h i l e  

t h e  p o r t i n n  i n  Texas i s  7.9 b i l l  i o n  t ons  (Energy Resources Co., I nc . ,  

1980). 

Table 2-5. L i g n i t e  Coal Reserves 

o f  t h e  G u l f  Coast Region 

(Energy Resources Co. ,' I n c .  , 1980) 

a ~ d e n t i f i e d  S t r ippab le  Fl inimu~~l Seam Maximum Fax imum 
L i g n i t e  Resources Reserve Base Thickness Overburden Depth S t r i p p i n g  

State ( b i l l i o n  tons)  ( b i l l i o n  tons)  ( f e e t )  ( f e e t )  Ra t io  

Texas 52.2 7.9 4 

Louisiana 0.6 0.6 

Arkansas 13.5 2.0 

M iss iss ipp i  

Alabama 2 .O 1.1 
- 

Tota l  68.3 11.6 

'1 den t i  f i ed  resources inc lude Demonstrated (Measured and Ind ica ted ) "  
a'nd In fe r red  resources 21 fee t  o r  Illore t h i c k  t o  an uve~.bur.derl 
depth o f  3000 f e e t .  



Kaiser  (1978) es t imates  12 b i l l  i o n  tons o f  s t r i p p a b l e  1  i g n i t e  f o r  Texas 

a lone (seams 3 f e e t  o r  g rea te r  i n  th ickness  a t  depths o f  l e s s  than 200 . 
f e e t ) .  He f u r t h e r  est imates approx imate ly  100 b i l l  i o n  tons  a t  depths 

g r e a t e r  t h a n  200 f e e t .  The l i g n i t e  o f  t h e  G u l f  Coast Region i s  l o -  

ca ted  i n  f o u r  fo rmat ions :  W i l  cox, C la i rbo rne ,  Jackson, and Yegua 

(Energy Resources Co., Inc., 1980). The depos i ts  i n  Texas a,re l o c a t e d  

i n  two major  b e l t s  as shown i n  F igu re  2-6 (Lacy e t  a1 . , 1979); a l s o  

shown are l o c a t i o n s  o f  e x i s t i n g  o r  proposed power p l a n t s .  

Typ ica l  p r o p e r t i e s  o f  Texas l i g n i t e  are heat  con ten ts  on t h e  order  

of 7000 t3tu/ lb,  ash conten ts  o f  approx imate ly  15 percent  (a l though some 

depos i ts  i n  South Texas have values o f  over  40 percent )  and s u l f u r  

l e v e l s ' o f  1 t o  2  percent  (Kaiser ,  1974). 

Energy fo recas ts  f o r  Texas c a l l  f o r  a  major  dependence upon l i g n i t e  

resources t o  meet t h e  p r o j e c t e d  energy demands o f  i n d u s t r y  and the  

u t i l  i t i e s .  I n  a  s tudy  o f  1  i g n i t e  development (Radian Corp., 1978, and 

Lacy e t  a1 .., 1979), researchers noted t h a t  1  i g n i t e  i s  a n t i c i p a t e d  t o  

p rov ide  approx imate ly  s i x t y  percent of t h e  s o l i d  f o s s i l  f l ip1 i n  1987, 

w i t h  t h e  remain ing f o r t y  percent  p rov ided by coa l .  These t rends  a r e  

expected t o  p e r s i s t  u n t i l  about t he  year  2000, a t  which t ime t h e  Texas 

'I i g n i t e  resources w i l l  be s i g n i f i c a n t l y  d imin ished.  Table 2-6 i n -  

d i ca tes  t h e  a n t i c i p a t e d  l i g n i t e  demands over  t h i s  t ime per iod .  

2.2 LEGAL CONSIDERATIONS 

As t h e  n a t i o n  has become more aware o f  environmental  issues,  ad- 

d i t i o n a l  procedures f o r  t h e  combustion o f  f o s s i l  f u e l s  have been mandated 

which r e q u i r e  s u b s t a n t i a l  c l ean ing  o f  s tack emissions and waste e f f l uen ts .  

A consequence o f  these r e g u l a t i o n s  has been t h a t  l a r g e  amounts of ash 



0 PERMITTED 

I Alumkum Compony of America (Sondow) 
2 Amistod Fuel Compony (Little Bull Creek) 
3 FARCO Mining Compony (Polafox) 
4 FARCO Minlng Compony (Rachal) 
5 ICI Americas, Inc. (Dorco) 
6 Sabine Mining Compony (South Hollsvllle) 
7 Son Miguel Electric Coopemt~ve, Ine. (San Miguel) 
e Thurber Cool Company (Thurber) 
9  Texas Municipal Power Agency (Gibbons Creek) 
10 Texas Utllitles Generating Compony (019 Brown) 
I I Texas Utllities Generoting Compony (Martin Loke) 
12 Texos Utilities Generoting Compony (Monticello) 
13 Texos Utilities Generoting Compony (Twin Ooks) 

A PROPOSED 

14 Exxon Cool Compony (Troup) 
IS  Gulf States Utilities 
I6 Lower Colorodo River Authority (Powtll Bmd) 
17 Lower Colorado River Authority (Cummins Creek) 
re North American Coal Company (Malokoff - Cayuga) 
19 Northwestern Resources Compony (Jewett) 

Phillips Cool Compony (Catvert) 
Philllps Coal Cornpony (Cole Creek) 
Ph~lllps Coal Company (North Marshall) 
Phillips Coal Company (YontlsJ 
Texas Lignlte Products Corporation 
Texos Ltqnite Products Corporation 
Texas Utihties Generoting Company (Martin Lake "D") 
Texas Utllities Generot~ng Cwnpany (Forest Grove) 
Texos U t l l ~ t !  es Generating Company (Oak Knoi l e l  

29 Shell Oil Compony (Mllam ) 

Figure 2-6. Location of Permitted and Proposed Coal Mines for 

Power Plants Associated with Texas Lignite and Bituminous 
Coal Deposits. (Texas Rai 1 road Commission, 1982) 



Table 2-6. Potential Requirements 

for  Texas Lignite Committment. 

(Lacy e t  a l . ,  1979) 

Total Energy Required 
(1015 ~ t u l s )  

Solid Fuel Demand 
(1015 B ~ U I ~ I  

Lignite Reserve Comitment 
Required ( B i l l  ions of Tons 
@ 6500 Btul lb 

U t i l i t i e s  
Industry 

U t i l i t i e s  
Industry 

U l i l  i l i e s  
7nulr1\ I ray 

U t i l i t i e s  
Industry 

Total 

0.30 0.6 1.9 
n n s  n.1 fi.7 

and other waste products a re  now collected a t  the combustion s i t e .  A t  

present, u t i l  i t y  sol id wastes a re  not considered hazardous by definit ion 

(CFR, T i t l e  40, 5261.4, ( b ) ,  ( 4 ) ) ,  and this i s  l ike ly  t o  be the case in 

the  foreseeable future.  EPA was required t o  conduct a study ( t o  be 

completed in l a t e  1982) on the potential hazard, i f  any, presented by 

the "disposal and u t i l iza t ion  of f l y  ash waste, bottom ash waste, slag 

waste, f l  uc gas emission control waste, and other by-product material s 

generated primarily from the  combustion of coal o r  other foss i l  fuels"  

(PL 94-580, Section 8002, (n) a s  amended by the Solid Waste Disposal 

Act Amendments of 1980). The f inal  report of t h i s  study has not yet 

been pub1 i shed. 



I f ,  a f t e r  additional study, u t i l i t y  combustion wastes a re  considered 

to  be hazardous, there are several provisions pursuant to  the Resource 

Conservation and Recovery Act (RCRA) which will be of relevance. F i rs t  

i s  the definit ion of hazardous waste: 

1004 (5 )  The term 'hazardous waste' means a solid waste, or  com- 
bination of solid wastes, which because of i t s  quantity,  
concentration, or physical, chemical, or infectious char- 
ac t e r i s t i c s  may . . . 

( A )  cause, or s ignif icant ly contribute to  an increase 
in mortal i t y  or an increase in serious i r reversible ,  or 
incapacitating reversible,  i l l nes s ;  or 

( B )  pose a substantial present or potential hazard to  
human health or the environment when improperly t reated,  
stored, transported, or disposed o f ,  or otherwise managed. 

The current E P A  regulations concerning hazardous wastes provide a 

definit ion worth consideration in regard to  combustion wastes (Code of 

Federal Regulations ( C F R ) ,  T i t l e  40 - Protection of Environment, July 1, 

5261.24 Characteristic of EP Toxicity 

( a )  A solid waste exhibits the character is t ic  of EP toxici ty  i f ,  
'. . . the extract from a representative sample of the waste 
contains any of the contaminants l i s t e d  in Table 1 a t  a con- 
centration equal to  or  greater than the respective value 
given in that  table .  

Table 1. Maximum Concentration of 
Contaminants for  Characteristic of E P  

Toxi c i ty  

E P A  Maxi m u m  
hazardous Contaminant concentration 

waste (mi 1 1 i  grams 
number per l i t e r )  

Arsenic 
Bari u m  
Cadmi u m  
Chromi um 
Lead 
Mercury 
Selenium 
Si 1 ver 



Also,  a  substance i s  des igna ted  as hazardous if i t  demonstrates s p e c i f i e d  

c h a r a c t e r i s t i c s  o f  t o x i c i t y ,  c o r r o s i v i t y ,  r e a c t i v i t y ,  o r  i g n i t a b i l  i t y ,  

o r  i f  i t  i s  l i s t e d  i n  9261.30, T i t l e  40 CFR. 

C u r r e n t l y ,  a l l  waste d i s p l a y i n g  r a d i o a c t i v e  p r o p e r t i e s  i s  c l a s s i f i e d  

as e i t h e r  h i g h  o r  l ow  l e v e l .  There i s  no t h r e s h o l d  below which a  waste, 

i f  even s l  i g h t l y  r a d i o a c t i v e ,  can be c l a s s i f i e d  as any th i ng  o t h e r  than  

r a d i o a c t i v e .  A l though t h e  RCRA con ta ins  no d e f i n i t i o n  of r a d i o a c t i v e  

waste, H a r t  and Delaney (1978) d iscuss  t h e  problem i n  1  i g h t  o f  an i n t e r i m  

r e g u l a t i o n  (FR, Dec. 18, 1978) and p r o v i d e  t h e  d e f i n i t i o n :  

R a r i i o a ~ t i \ ! e  . . a w a q P . ~  I< rar l l na r . t . 1~~  I f  it. i s  n o t  sourct .  spec ia l  
n u c l e a r  o r  by-product  m a t e r i a l  as d e f i n e d  by  t h e  Atomic Energy Ac t  
o f  1954, as amended, and i f  a  r e p r e s e n t a t i v e  sample has e i t h e r  of 
t h e  f o l  l o w i n g  p r o p e r t i e s :  

1. The averaqe radium-226 concen t ra t i on  exceeds 5  p i c o c u r i e s  p e r  
gram f o r  s o l i d  wastes o r  50 p i c o c u r i e s  (radium-226 and radium- 
228 combined) per  l i t e r  f o r  l i q u i d  wastes, as determined us ing  
e i t h e r  t h e  p r e c i p i t a t i o n  method o r  t h e  radon emanation method 
desc r i bed  i n  I n t e r i m  Radio-chemical Method01 ogy f o r  D r i n k i n g  
Water (CEPA)-60014-74-008 Revi sed) . 

2. The t o t a l  radium-226 a c t i v i t y  equals o r  exceeds 10 m ic rocu r i es  
f o r  any s i n g l e  d i s c r e t e  source. 

2.3 PROPERTIES OF ASH AND ASH-SLUDGE LEACHATES 

Coal ash i s  known t o  c o n t a i n  a  number o f  ox i de  elements i n c l u d i n g  

those  of s i l i c o n ,  i r o n ,  aluminum and ca l c i um i n  a d d i t i o n  t o  a  v a r i e t y  o f  

t r a c e  metal  s  and elements. Numerous s t u d i e s  have documented measurements 

of t h e  s o l u b l e  and i n s o l u b l e  c o n s t i t u e n t s  i n  f l y  ash and bot tom ash o f  

coa l  and l i g n i t e .  The sludges a r i s i n g  f r om t h e  f l u e  gas d e s u l f u r i z a t i o n  

process a l s o  c o n t a i n  a  l a r g e  numbcr o f  t r a c e  meta ls  i n  a d d i t i o n  t o  s j g -  

n i f i c a n t  q u a n t i t i e s  of s u l f a t e  and ca l c i um i n  t h e  forrns u f  c a l c i u ~ n  s u l -  

f a t e  and unreac ted  1  imestone. Tables 2-7 and 2-8 show i n f o r m a t i o n  

concern ing t h e  r e l a t i v e  abundance o f  t h e  major  c o n s t i t u e n t s  o f  FGD sludge, 



Table 2-7. Composition of Typical Limestone Sludge 

Sol ids from Fl ue Gas Desul furization Equipment 

(Radian Corp., 1978) 

Component Pe rcen t  b y  Weight 

Gypsum 

(CaSO, - 2H20) 

Cop rec ip i  t a t e  34 

( .84 CaS03 - . 16CaS04 - I~H~O) 

Unreacted Limestone 6 .  

Limestone I n e r t s  & F l y  Ash 4 - 
TOTAL 100 

Table 2-8. Typical Chemical Analysis of F1.y Ash. 

(Nil 1 iams , Smith and Raba , 1981 ; Energy Resources Co . , Inc . , 1980) 

Subbi tumi nous L i g n i t e  

Cons t i  t u e n t  L i m i t s  . Powder R i v e r  L i m i t s  Texas 

Low High Average Bas in  Low High Average . 

S i l i c a  D iox ide  15.2 52.8 38.2 38.4 6.3 39.4 19.7 44.4 
(SiU2).  X 

A1 unii num Oxi de 9.0 27.6 20.6 19.0 4.2 26.1 11.1 18.4 
(A12n3). % 

I r o n  Oxide 3.3 31.5 9.8 
(Fe203),  % 

Magnesi um Oxide 1.4 9.0 5.4 
(MgO), .x. 
S u l f u r  T r i o x i d c  12.9 20.5 15.3 
(SOj). x 
Ca1clu111 Oxide 10.5 52.6 19.5 
(CaO), 2 



and subbituminous and l i g n i t e  ash. Table 2-9 p rov ides  s i m i l a r  i n f o r m a t i o n  

on U.S. b i tuminous  and a n t h r a c i t e  coa l s .  A comparison o f  Tables 2-8 and 

2-9 i n d i c a t e s  t h a t  western subbituminous and G u l f  Coast l i g n i t e  ashes 

have highe'r  ca l c i um and magnesium o x i d e  va lues  t han  does t y p i c a l  U.S. 

b i tuminous  coa l  ash. Since a scrubber  i s  used p r i n c i p a l l y  t o  e f f e c t  

t h e  removal o f  SOz f r om f l u e  gas, t h e  q u a l i t y  o f  FGD wastes from l i g n i t e  

p l a n t s  shou ld  be comparable t o  those f rom o t h e r  coal  p l a n t s  us ing  s i m i l a r  

l imes tones .  

Tab le  2-9. Ash Composit ions f o r  U.S. Bi tuminous and 

A n t h r a c i t e  Coals. (Energy Resources Co., I n c . ,  1980) 

Bituminous An th rac i te  

Const i tuent  Low High Average Low High Average 
(percent  o f  ash) 

S i l i c a  Diox ide 9.3 69.6 48.2 47.7 67.7 55.2 
( S i b  

A l u ~ ~ i i n ~ ~ m  Oxide 5.6 41.7 24.9 24.7 43.5 34.0 
( A 1  20,) 

I r o n  Oxide 
(Fez03 ) 

Magnesium Oxide 0.4 6.3 1.7 0.0 1.2 0.6 
(MgO) 

S u l f u r  T r iox ide  0.0 2.0 0.7 
(503) 

Calcium Oxide 0.2 36.7 6.6 0.2 3.7 1.0 
(CaO) 

2.4 S tud ies  of Ash and Ash-Sludge Leachates 

Shannon and F ine  (1974) have determined t h e  s o l u b i l i t y  i n  wa te r  o f  

t h e  bas i c  c a t i o n  c o n s t i t u e n t s  o f  f ou r  l i g n i t e  ashes f r om coa l s  o f  t h r e e  

Nor thern  Great  P l a i n s  mines. The water:ash r a t i o s  were v a r i e d  f r om 5 

t o  100 by adding t h e  a p p r o p r i a t e  we igh t  of  ash t o  25 grams o f  de ion i zed  

wate r .  Apparent1 y no pH c o n t r o l  was exe rc i  sed. S u b s t a n t i a l  amounts o f  



calc ium,  sodium, magnesium and i r o n  were d i sso l ved ,  y i e l d i n g  supernatent  

pH va lues  o f  9 t o  11. These r e s u l t s ,  which a r e  presented i n  Tab le  2-10 

n o t  o n l y  show t h e  l e a c h a b i l  i t y  o f  severa l  c a t i o n s ,  b u t  al-so show t h a t  

i n  t h e  1 aboratory ,  cons iderab le  washing may be. r e q u i r e d  t o  no te  t h e  

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

may t ake  a l o n g  t ime  f o r  a l l  t h e  c a t i o n s  t o  be re leased .  Fu r the r ,  t h e  

f i e l d  wate r  t o  ash r a t i o s  may be much l e s s  than  5 : l  which suggests r u n o f f  

would have h i g h  s a l t  concen t ra t i ons  and t h e  r a t e  a t  which c a t i o n s  a r e  

re leased  c o u l d  be even s lower .  

Data ob ta i ned  by  Dreesen e t  a l .  (1977)  demonstrate a dependence o f  

heavy metal  s o l u b i l i t y  upon leacha te  pH va lue.  P r e c i p i t a t o r  ash f r om 

a power p l a n t  a t  F r u i t l a n d ,  New Mexico was washed w i t h  aqueous s o l u t i o n s  

which had i n i t i a l  pH va lues rang ing  f r om a c i d  (pH = 0.5) t o  b a s i c  

(pH = 1 1 . 3 ) .  The t r a c e  meta ls  e l u t e d  f r om an ash -ex t rac tan t  m i x t u r e  

(1:4  by we igh t )  were q u a n t i f i e d ,  Tables 2-11 and 2-12. A t  h i g h  pH 
... . 

values, c e r t a i n  t r a c e  elements, p a r t i c u l a r l y  molybdenum.,.fl uo.r jde and 

selenium, were found t o  e x i s t  i n  s o l u t i o n  a t  s i g n i f i c a n t  concen t ra t i ons .  

Th i s  would be a n t i c i p a t e d  f o r  an an ion  such as f l u o r i d e ,  and i t  would 

be suspected t h a t  selenium i s  behaving a l s o  as an an ion  i n  t h i s  s i t u a t i o n .  

There a l s o  appears t o  be a s l i g h t  d i p  i n  t h e  amount o f  selenium leached, 

b u t  i t  i s  o n l y  s l i g h t  and i t s  behav io r  o the rw i se  i s  c o n s i s t e n t  w i t h  i t s  

chemical na tu re .  A s i m i l a r  s tudy conducted by  The is  and W i r t h  (1977)  

complements t h e  pH-metal concen t ra t i on  r e l a t i o n s h i p s  observed by Dreesen 

e t  a l .  W i t h  t h e  n o t a b l e  exception o f  arse~i ic  a t  a  pl l  o f  12, t h e i r  

r e s u l t s  f o r  coa l  ash, Table 2-13, show s u b s t a n t i a l  r educ t i ons  i n  element 

concen t ra t i on  w i t h  i n c r e a s i n g  pH. The au tho rs  d i scuss  t h e  behav io r  o f  

a r s e n i c  and suggest t h a t  i t  i s  behaving as an an ion .  They suggest t h a t  



Table 2-10. Results of Batch Leachate Tests 

on Lignite Ask. (Shannon and Fine, 1974) 

From Cmposi t e  o f  F ive  Washings 

Ca t lo16  S ~ l u b i l i z e d  f r a n  Four FI:d Ash Samples To ta l  Cations so, 
F l y  t.sh Watcr:Ash A f t e r  l k e  Waslring, mg,'kg A f t e r  F ive  Washings, oig/kg PH Equiv. caZt 
Nuti~ber Ra t io  Ca k M 3 FR Ca Na Mg Fe supernatant meq/L nig/L meq/L mg/L 



Table 2-11. Percentage o f  Trace Element Content o f  Ash 

Ex t rac ted  by  Each S o l u t i o n  and Trace Element Content 

o f  P r e c i p i t a t o r  Ash. (Dreesen e t  a1 . , 1977) 

M o l a r i t y  1.0 M 1.0 M 0.1 M 0.1 M 0.01 M 0.001 M 0.1 M 

So lu t ion  HN03 HCl C i t r i c  HN03 HN03 HN03 H20 NH40H 
a c i d  

I n i t i a l  pIia 0.5 0.5 2.2 1.4 2.2 3.1 7.4 11.3 C o n c i n  

F ina l  p~~ 0.5 0.6 3.6 4.1 11.7 11.9 11.9 11 .9 p r e c i p i t a t o r  
ash, ug/g 

Percent Leached 

a p ~  determined b e f o ~ e  ash was added to the extractants.  b p ~  determined a f t e r  a g i t a t i o n  of  ash- 
ex t rac tan t  mixture.  The f l u o r i n e  concentrat ion g iven i s  the  mean concentrat ion repor ted by the  
Southwest Energy Study (6)  and Woodward Envicon (7) .  

Table 2-12. E x t r a c t a b i l i t y  Categor ies f o r  Trace Elements 

i n  E x t r a c t i o n  Experiment f o r  S t r o n g l y  A c i d i c  

and Bas ic  E x t r a c t a n t s .  (Dreesen e t  a l . ,  1977) 

Strong1 y a c i d  Strongly basic  
ext rac t a n t  ex t rac tan t  

E x t r a c t a b i l i t y .  (1.0 M HNO ) (H20) 
% f i n a l  pH = 3 ~ . 5  f i n a l  pH = 11.9 

>30 As,  B. Cd. F, Mu 

Mo, Se 

10-30 C r .  V ... 
1-10 Be, Cu. Zn 8. F, Se 

0.1-1.0 . . . As. Cr  

~ 0 . 1  . . . De. Cd. Cu. V. Z I I  



Tab le  2-13. Metal  Release a t  Var ious pH Values 

(Theis  and W i r t h ,  1977) 

Metal 

Arsenic  

Cadmi urn 

Chrorni urn 

Copper 

Lead 

N icke l  

Zinc 

pH 3 

Range Av 

pH 6 pH 9 
Range Av Range Av 
( A l l  Values i n  vg/g of F ly  Ash) 

DH 12 

Range Av 

a t  pH 12 t h e r e  i s  an i n s u f f i c i e n c y  of  a v a i l a b l e  metal  i ons  t o  cause 

p r e c i p i t a t i o n .  

James e t  a l .  (197-6). perforrr~ed 7-day batct i  l eac t ia te  t e s t s  on Texas 

1 i g n i t e ,  t h e  r e s u l t s  of which $ r e  summarized i n  Tab le  2-14. I n  t h i s  

i n v e s t i g a t i o n ,  250 grams o f  each m a t e r i a l  were batch-washed i n  one 

l i t e r  of de ion i zed  wate r .  Raw l i g n i t e  samples were ob ta i ned  f rom t h r e e  

d i f f e r e n t  p l a n t s  and l i g n i t e  ash from o n l y  one, t h e  Texas U t i l i t i e s  B i g  

Brown P l a n t  near  F a i r f i e l d ,  Texas. Both selenium and a rsen i c  were p re -  

sen t  i n  measureable amounts i n  t h e  coa l  and were found i n  moderate l e v e l s  

i n  t h e  f l y  ash l eacha te  (17 and 33 p g l a ,  r e s p e c t i v e l y ) .  I t  may be noted, 

l a b i e  2-14, t h a t  t h e  f l y  ash l eacha te  had a  pH o f  I f ,  and b o t h  these  

elements may e x h i b i t  a n i o n i c  behav io r  a t  h i g h  pH. 

H a r t  and Delaney (1978) p r o v i d e  an assay of t h e  t r a c e  element con- 

t e n t  o f  t y p i c a l  FGD s ludge.  I n  t h e i r  s tudy o f  t he  impact on u t i l i t y  



Table 2-14. Seven-day Leachate Study of Texas Lignite 

Coal and 'Fly Ash, Metals. (James e t  a1 . , 1976) 

As 6e Cd Cr Cu Fe Hg Mn Ni Pb Se Zn SOr pH 
Samp 1 e ug/L ug/L vg/L vg/L ug/L mg/L pg/L mg/L ug/L ug/L ~ g l L  ug/L 11ig/L 

L i g n i t e  Coal 

Alcoa 1 

Alcoa 2 

Alcoa 3 

Big  Brown 1 

B i g  Brown 2 

B i g  Brown 3 

Darco 1 

X 

a -  

F l y  ash 
(Big  Brown) 

so l i d  wastes by the  Resource Conservation and Recovery Act, scrubber 

sludge t r a ce  metal concentrations a r e  compared with the  federal  standards 

f o r  drinking water. Both the  FDG sludge, Table 2-15, and ' leachates  from 

the  sludge, Table 2-16, contain t r a ce  elements in r e l a t i ve ly  high con- 

centra t ions .  The concentrations of B y  Hg and Se in the  leachate  a l l  

exceed drinking water standards by a f a c to r  of l o x  o r  more, b u t  do not 

exceed the  current  RCRA standard of l O O x  dri'nking water standards.  All 

o ther  l i s t e d  elements a r e  below lox  the  drinking water standards. 

A European study on the  disposal of pulverized fuel  ash (coal rank 

was not repor ted) ,  reported on. dissolved contaminant concentrat ions re-  

leased from conditioned ash upon percolat ion of increments of 0.5 bed 

volumes of water through t e s t  columns ( ~ r o w n  e t  a1 . , 1976). The resu l t ing  

d a t a ,  given in Table 2-17, show indicat ions  of washout of some of the  



Table 2-15. Trace Elements in Sludge (Wet Limestone). 

(Hart and Deleny, 1978) 

Element Concentration Drinking Water Standard 
( P P ~ )  (ng/L) 

0.05 

1.00 

1.00 

0 . 0 1  

0.05 

1.00 

0 .01  

none 

0.002 

none 

0 .01  

Tab1 e 2-16 .  Trace El ements in Scrubber Sl udge Leachate. 

(Mart and Dclaney, 1378) 

ELEMENT STANDARD MAX M I  N STANDARD EXCEEDED 
mg/L l o o x  l o x  1 x 

y P <  

yes 

yes 

ycs 

yes 

no 

yes 

yes 

. 

yes 

no 



Tab1 e  2-17: Leachate  Parameters A s s o c i a t e d  w i t h  P e r c o l a t i o n s  

o f  0.5 Bed Volume Inc remen ts .  (Brown e t  a1 ., 1976) 

. . , . .  

' Readi ly  . ~ ~ u i  va l  en t  percola t i  concent>ations by 
To ta l  so lub le  by successive 0.5 bed increments 

present  e x t r a c t i o n  as mg/L i n  s o l u t i o n  
Parameter mg/kg d r y  ash mg/kg d r y  ash 0 - 0.5 0 . 5  - 1.0 1.0 - 1.5 1.5 - 2.0 Un i t s  

pH 
Tota l  d i sso lved  

so l  i d s  

Tota l  a l k a l i n i t y  

Arsenic 

Cadmium 

Cal c i  um 

Chromi urn 

Copper 
I r o n  

Lead 

Magnesium 

Manganese 

Molybdenum 

Potassium 

Selenium 

Sodi urn 

Z i  nc 

Boron 

Chlor ide 

.Cyanide 

F luo r ide  

N i t r a t e  

P hosp hate 

Sulphate 

D H 

mg/L TOS 

mg/L CaCOl 

mg/L As 

mg/L Cd 

mg/L Ca 

mg/L C r  

mg/L Cu 

mg/L Fe 

mglL Pb 

mg/L Ng 

mg/L Mn 

mg/L Mo 

mg/L K 

mg/L Se 
mg/L Na 

mg/L Zn 

mg/L B 
mg/L C l  

mg/L CN 

mg/L F 

mg/L NO3 

mg/L POb 

mg/L 50, 

m a j o r  c a t i o n s  and a n i o n s  (sodium, potass ium,  c h l o r i d e  and s u l f a t e )  o v e r  

t h e  range o f  0-2 bed volumes o f  l i q u i d  t r a n s p o r t .  As and Se were 

i n i t i a l l y  r e l e a s e d  a t  l e v e l s  -4 mg/L. 

P u t t i n g  t h e s e  r e s u l t s  i n t o  p e r s p e c t i v e ,  Brown e t  a1 . (1976)  com- 

pared t h e  t r a c e  e lement  c o n c e n t r a t i o n s  found  i n  f l y  ash  p e r c o l a t e  t o  

t h e  d r i n k i n g  wa te r  s tandards  adop ted  by t h e  Wor ld  H e a l t h  O r g a n i z a t i o n  

(1970) and found  s e v e r a l  o f  t h e  p e r c o l a t e  t r a c e  c o n s t i t u e n t s  t o  excsed 

t h e  European s t a n d a r d s .  These s tandards  a r e  shown i n  T a b l e  2-18. 



Table 2-18. European Standards fo r  Drinking Water and 
Drinking Water Sources. (World Health Organization, 1970) 

Standards o f  Chemical Q u a l i t y  

Toxic Chemical Substances . . . The concentrat ions g iven below should no t  
be exceeded i n  p iped water suppl ies:  

Arsenic 
Cadmi um 
UI romi um 
Cyanide 
Lead 
Selenium 

Upper l i m i t  o f  concentrat ion 
(as As) 0.05 mg/l . 
(as Cd) 0.01 mg/l. 
(as C r  hexavalent) 0.05 mg/l. 
(as CN) 0.05 mg/l. 
(as Pb) 0.1 mg/l. 
(as Se) 0.01 mg/l.  

I n  a d d i t i o n  t o  t h e  substances l i s t e d ,  the re  a r e  o ther  substances, such 
as mercury, t i n ,  vanadium, ber ry l l i um,  molybdenum, s i l v e r ,  uranium, and 
thiocyanate, t h e  presence o f  which i n  d r i n k i n g  water should be con- 
t r o l l e d ,  but  i n s u f f i c i e n t  i n fo rmat ion  i s  a t  present a v a i l a b l e  t o  enable 
l e v e l s  t o  be given. I t i s  considered t h a t  barium should no t  be present 
a t  concentrat ions o f  IWIX t h n  1.0 IIIY/~. 

Consti tuents i n  water which may g ive  r i s e  t o  t roub le  i n  piped suppl ies 
o f  d r i n k i n g  water: 

Approximate l e v e l  a t  which t roub le  may 
a r i  se 

Chlor ide (as C l  ) 200 mg/l. Under no circumstances should 
the l e v e l  exceed 600 mg/l . 

Copper (as Cu) 0.05 mg/l . a t  pumping s ta t ion ,  
3.0 mg/l. a f t e r  16 hr.  contact  w i t h  new 

F luor ide  
Hydrogen su lph i  de 
I r o n  

Magnesi um 

Manganese 
Ni t r a t e  

Phenol i c compounds 
Sulphate 
Zinc 

(as F )  
(as H 2 S )  
( t o t a l  as 
Fe ) 

(as Md 

(as  Mn) 
(01 NOj) 

(as Phenol ) 1;; El) 

pipes: 
0.8-1.5 mg/l.  
. US mg/ 1 . 
0.1 mg/l. as water enters d i s t r i b u t i o n  
systems. 
Not more than 30 mg/l. i f  there  a re  250 
mg/l. o f  sulphate, i f  l e s s  sulphate, up 
t o  125 m d l ,  mv be al lowed. 
0.05 mg/l . 
Recanuncnded: l e s s  than 50 mg/l . Accept- 
able: 50-100 mg/l. Not recomnended: 
more than 100 mq/l . 
Less than 0.001 mg/l. 
250 m /l. 
5 mg/B. 

A s imi la r  comparison of Table 2-17 with the  United S ta tes  drinking water 

standards shows excesses of a r sen ic  and selenium. Brown e t  a l .  con- 

cluded t h a t  some ca re  should be exercised when disposing these  wastes 

so t h a t  adequate a t tenuat ion of hazardous elements would be a t t a ined .  

In summary, the re  have been a number of s tud ies  on the  leaching 

of so l i d  wastes from coal- f i red  power plants .  The r e su l t s  show t h a t  

toxic  substances a r e  released from the  wastes and t h a t  the  concentration 



of  c e r t a i n  o f  these  can exceed t h e  d r i n k i n g  wate r  s tandards by  f a c t o r s  

of l o x  o r  even lOOx (e.g., i n i t i a l  C r  r e l e a s e  i n  Brown's s t udy  exceeds 

U.S. d r i n k i n g  water  standards by  180x) .  A l so  i t  may be no ted  t h a t  t h e  

c o n c e n t r a t i o n  o f  some o f  t h e  t o x i c  m a t e r i a l s  a r e  h i g h l y  dependent upon 

pH. I f  t h e  s o i l s  i n  t h e  d i sposa l  area have t h e  a b i l i t y  t o  b u f f e r  t h e  

pH t o  h i g h  va lues ,  t h e r e  i s  a  p o s s i b i l i t y  o f  reduced t r a n s p o r t  o f  many 

of  t h e  p o t e n t i a l l y  hazardous elements.  



SECTION 3 

THE ATTENUATION OF LEACHATE MATERIALS IN  SOILS 

As t h e  v a r i o u s  t r a c e  elements and compounds p resen t  i n  l eacha tes  

p e r c o l a t e  th rough  t h e  s o i l s  beneath b u r i e d  wastes, p h y s i c a l  and chemi- 

c a l  processes occur  which may cause t h e  r e t e n t i o n  o f  c e r t a i n  elements 

w h i l e  r e l e a s i n g  from t h e  s o i l s  o t h e r  n a t u r a l  l y  p resen t  elements.  The 

up take  and a t t c n u s t i o n  of l eac l i i ng  cu r~ taminan ts  i s  a  process compl i -  

c a t e d  by  compet ing up take  mechanisms and evo l  v i n g  1  eachate chemi c a l  

p r o p e r t i e s .  C u r r e n t l y  t h e  l i t e r a t u r e  l o o k s  a t  many o f  these  t h i n g s  

i n d i v i d u a l l y ,  b u t  a  comprehensive model i s  y e t  i n  t h e  f u t u r e .  

Many o f  t h e  p rev i ous  works address ing  t h e  s u b j e c t  o f  s o i l  uptake o f  

s o l u b i l i z e d  t r a c e  elements s p e c i f i c a l l y  deal w i t h  n u t r i e n t  a v a i l a b i l i t y  

t o  p l a n t s .  These s t u d i e s ,  many o f  which a r e  rev iewed by  Jenne (1968) 

and L indsay  (1972) ,  have p r o v i d e d  t h e  groundwork f o r  more genera l  

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

t h r o u g t ~  t h e  s o i l .  F o r ' t h e  most p a r t ,  t h e  l i t e r a t u r e  d e a l i n g  w i t h  

p l a r ~ t  n u t r i e n t s  has been f a i r l y  s p e c i f i c ,  f ocus ing  on t h e  behav io r  o f  

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

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

account  f o r  many of  t h e  c n m p ~ ~ i n g  and c o m p l i c a t i n g  mcchsnisms oecur ing  

i n  ac tua l  s o i l  systems. Cau t ion  must t he re fo re  be exe rc i sed  i n  

J r d w i r ~ y  drly conc lus i ons  aboul: Lrsdct! e lement m o b i l i t y  based upon n u t r i -  

e n t  a v a i l a b i l  i t . y  s t u d i e s .  

3.1 MODES OF ATTENUATION 

It i s  p robab le  t h a t  a l l  t h e  b a s i c  modes o f  a t t e n u a t i o n  have been 



i d e n t i f i e d .  What has no t  been s a t i s f a c t o r i l y  completed i s  t h e  de te rm i -  

n a t i o n  . . .  o f  t h e  . r e l a t j v e  . . .  importance of  each i n  var.i,ous aqueous systems. 

Suggested modes i n c l u d e  ( F u l l  e r  and Kor te ,  .1976; Jenne, 1968; L indsay  , 

1972; G r i f f i n  and Shimp, 1978):  

1 )  a )  e l e c t r o s t a t i c  adhesion o f  i o n s  w i t h i n  t h e  d i f f u s e  double 

l a y e r  near t h e  p a r t i c l e  sur face ,  

b) complexing w i t h  o rgan i c  ma t te r ,  i n  which case i ons  -may 

become an i n t e g r a l  p a r t .  o f  an ,  o rgan i c  molecule,  o r  t he  

o rgan i c  compounds may behave c o l l o i d a l l y  and possess a  

c e r t a i n  degree o f  i o n  exchange capac i t y ,  

c )  adso rp t i on  by m ine ra l  spec ies ( s p e c i f i c  adso rp t i on )  i n -  

v o l v i n g  hydrous ox ides o f  i r o n ,  aluminum o r  manganese, and 

2  p r e c i p i t a t i o n  which i s  b rought  on by changes i n  t h e  so lu -  

b i l i t y  balance which occur  because o f  changes i n  i o n  

a c t i v i t i e s  o r  t he  s o l u t i o n  pH. 

The r e l a t i v e  c o n t r i b u t i o n  o f  each o f  these mechanisms i s  debatable 

s ince  i t  i s  g e n e r a l l y  n o t  easy t o  d i f f e r e n t i a t e  which mode i s  respon- '  

s i b l e  f o r  t r a c e  element uptake. P r e c i p i t a t i o n  r e a c t i o n s ,  however, a r e  

sometimes recogn i zab le  because o f  ab rup t  s o r p t i o n  inc reases  upon a l t e r i n g  

s l i g h t l y  t h e  system pH, o r  t h e  i o n  a c t i v i t i e s  o r  i o n i c  s t r e n g t h .  The 

pH may a l s o  cause ab rup t  changes i n  s o r p t i o n  i n  t h e  range near t h e  

p o i n t  (pH) o f  zero charge f o r  t h e  c l a y  o r  hydrous ox ide  c o l l o i d .  A t  

t h i s  p o i n t ,  f u r t h e r  change i n  t h e  s o l u t i o n  pH may a l t e r  t h e  p o l a r i t y  

o f  t h e  p a r t i c l e  surface charge, thus  a l t e r i n g  t h e  spec ies be ing  ex- 

changed. 



3.1.1 Adsorption Mechanisms (El 1 i s  and Knezek, 1972; Parks, 1967; 

van Olphen, 1977) 

The attachment of charged aqueous species t o  so i l  pa r t i c l e s  i s  

generally referred t o  a s  adsorption, although a number of d i s t i n c t  mech- 

anisms may be responsible fo r  t he  net adsorption phenomenon. A large  

par t  of the  sorpt ive  capacity of a so i l  i s  due t o  the  e l e c t r o s t a t i c  

a t t r a c t i o n  between aqueous ions and a pa r t i c l e  surface charge. The ions 

may be held r e l a t i ve ly  loosely by simple e l e c t r o s t a t i c  adhesion, being 

read i ly  displaced by non-specific exchange ions,  o r  more t i g h t l y  bound 

by spec i f ic  bonding mechanisms such a s  hydrogen o r  coordinate b6ndjng, 

exhibit ing degrees of non-exchangeability. This l a t t e r  case i s  referred 

t o  a s  "specif ic  adsorption" and includes the adsorption of uncharged 

aqueous species a s  well a s  adsorption of charged species on s imilar ly  

charged surfaces.  

The nature of par t ic ' le  surface clial'ge i s  fundari~er~lal ' to the under- 

standing of the  adsorption process. The br ief  discussion which follows 

i s  bas ica l ly  a f t e r  t h a t  of van Olphen (1977). 

For c lay col loidal  systems, the pa r t i c l e  charge may be'considered to  

consis t  of an inherent or permanent negative surface charge and a variable 

(pos i t ive  o r  negative) charge which i s  dependent upon the  hydrogen ion 

a c t i v i t y  ( p H )  of the  sol . The inherent surface charge occurs in clays 

hecarrs~! of an isomorphic subs t i tu t ion  of ~1 3 +  fo r  s i 4 + ,  or  h l g 2 +  f o r  

AI~+, or  s imi la r  subst i tu t ion within the clay l a t t i c e .  This r e su l t s  in 

an imbalance of charge fo r  the  pa r t i c l e  which i s  apparently always 

negative f o r  clays (Mitchell ,  1976) .  The pH dependent portion of the  

p a r t i c l e  charge involves the  broken bonds which occur a t  the  pa r t i c l e  

surface arid r e su l t s  from adsorption of peptizing ions a t  the  pa r t i c l e  



surface. 

The sol has no net e l ec t r i c  charge, therefore the ions within the 

solution phase, must balance the e l ec t r i c  charge on the part ic les .  This 

balance i s  sat.isfied by the e l ec t r i c  double layer concept, numerous 

models of which are given in the 1 i te ra ture  (e.g.  G U O Y ,  Stern-Guoy, 

Graehme, e t c .  (van Olphen, 1977)). A1 1 models postulate an increase in 

concentration of charge balancing ions, called counter ions, in the vi- 

c in i ty  of the par t ic le  surface. Coincident with t h i s  there i s  also a 

de f i c i t  of ions possessing charge of the same sign as the par t ic le .  The 

nature of t h i s  charge distribution i s  addressed in the various models, 

e.g.  a Poisson-Boltzmann distribution i s  assumed in some models. 

An important aspect of t h i s  double layer i s  i t s  influence on the 

s t ab i l i t y  of the so l .  The double layer repulsion i s  largely responsible 

for preventing flocculation of the coll oldal par t ic les .  

3.1.1.1 Ion Exchange 

In a colloidal system or so l ,  ions may be held near the colloid 

part ic les  in a diffuse double layer. The type of bonding determines 

how tenaciously the ions are held. If ions are held by e lec t ros ta t ic  

at,lr-dc'tion, thcy are easi ly  replaced b,y others of higher valence or  

stronger.concentration in a process called ion exchange. This action 

i s  confined to  the counter ion atmosphere surrounding the par t ic le  

(van Olphen, 1977) and i s  a relat ively rapid process (Jenne, 1968). 

Following Helfferich (1962),  Gast (1979) suggests t h a t  iur~ exchange 

i s  reversible,  diffusion controlled, and stoichiometrlc. In  most case's 

i t  i s  also suggested that  there i s  some se lec t iv i ty  with preference for  

one ion over another. This preference i s  generally at t r ibuted t o  the 



difference of c rys ta l l ine  structure and hydration sizes between ions. 

Ions with smaller hydrated s ize  or  larger crystal 1  ine s ize  are generally 

preferred over other ions of the same valence. 

If the clay exhibits a  negative surface charge, then cations will 

comprise the counter ion atmosphere. In t h i s  region there will be a 

de f i c i t  of anions a s  compared to  the equilibrium solution concentration 

(deHaan and Bolt, 1963). The double layer anions are considered bound 

by t h e  s t a b i l i t y  requirements of the double layer system b u t ,  l ike  the 

cations,  are exchangeable. In general, the total  anion adsorption 

( typical ly  expressed as meq/100 gms) i s  considerable less  than the 

cation adsorption, but i s  not necessarily negligible. If the clay sheet 

edges are  posit ively charged due to  exposed l a t t i c e  ions, then an an- 

alagous double layer exhibiting a  dominating anion exchange capacity 

may also ex i s t ;  however, due to  the small total  surface area of the 

clay plate edges, t h j s  contribution i s  small. 

3.1.1.2 Specific Adsorption 

The variable surface charge associated with clay part ic les  i s  due 

t o  the interaction of surface atoms with aqueous ionic species. In the 

case of chemisorption, the bonds involve sharing of electrons between the 

charge d e f i c i t  surface atoms and the solution cations -- t h i s  resul ts  in 

very strong bonds. Somewhat weaker bonds occur in physical adsorption 

when h.ydrogen bonding or van der Waals attraction for'ccr; ~ T C  invol vcd. 

Both processes are  referred t o , a s  specif ic  adsorption. 

The pa r t i c l e  charge in t h i s  case i s  pH dependent and i s  establ i shed 

by the preferential adsorption of peptizing ions (so named because of 

t h e i r  influence in peptizing or dispersing the s o l ) .  These peptizing 



6 .  

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

coun te r  i o n s  forming t h e  o u t e r  c o a t i n g .  

E s s e n t i a l  t o  t h e  unders tand ing  o f  t h e  s p e c i f i c  a d s o r p t i o n  process 

and i t s  pH dependence i s  t h e  knowledge t h a t  an ions  a r e  adsorbed i n  

excess a l ong  t h e  c l a y  p a r t i c l e  edge. For  t h i s  t o  occur ,  complex an ions  

must be formed which b i n d  t o  t h e  edges i n  such a manne.r t h a t  o n l y  a  

p o r t i o n  o f  t h e  nega t i ve  charge s i t e  o f  t h e  an ion  i s  used, hence t h e  

nega t i ve  charge a long  t h e  p a r t i c l e  edge. Many o f  t h e  known p e p t i z i n g  

anions have a s p e c i f i c  r e a c t i v i t y  w i t h  aluminum and magnesium which r e -  

s u l t s  i n  t h e  f o r m a t i o n  o f  complex an ions o r  i n s o l u b l e  s a l t s .  F i gu re  3-1 

below demonstrates t h i s  phenomena w i t h  t h e  polymetaphosphate an ion .  

€DOE SURFACE O F  PARTICLE 

F igu re  2-1. S p e c i f i c  Adsorp t ion  a t  t h e  Edge 

Sur face o f  t h e  Clay P a r t i c l e .  ( van  Olphen, 1977) 

The excess o f  nega t i ve  edge charge now may be s a t i s f i e d  by t h e  

e l e c t r o l y t e  c a t i o n s .  If they  a re  o f  t h e  same t ype  as appeared a t  t h e  

broken bond, e.g. aluminum o r  magnesium, these  c a t i o n s  a re  c a l l e d  

p o t e n t i a l  de te rm in i ng  i ons  ( P D I ) .  I n  yel lera1 P D I  occur  whenever t h e  



ions in so lu t ion  a r e  t h e  same a s  those forming the  c r y s t a l l i n e  s t r u c t u r e  

of ,the p a r t i c l e  and may be c a t i o n i c  o r  anionic .  An example pe r t inen t  

t o  s o i l s  i s  pe t i za t ion  of aluminum hydroxide s o l s  where the  PDI a r e  

A1 3 +  o r  OH' ( o r  poss ib ly  more complex i o n s ) .  

The oxides and hydrous oxides of aluminum; manganese, and iron a r e  

t y p i c a l l y  involved in s p e c i f i c  adsorption charac ter ized  by t h e  bonding 

of d isassocia ted  water molecules forming surface  hydroxide groups o r  

hydroxo complexes which a r e  negatively charged i f  the  OH-  a c t i v i t y  i s  

high (high pH) o r  pos i t ive ly  charged i f  the  H +  a c t i v i t y  i s  high (low pH). 

A t  some intermediate pH,  r e fe r red  t o  a s  the  zero point  of charge,  (ZPC), 

surface  charge i s  ze ro ,  being composed of an equal number of pos i t ive  

and negative adsorption s i t e s .  ( I f  the  ZPC a r i s e s  from only the  i n t e r -  

ac t ion  of H + ,  OH' ,  t he  sol i d ,  and water a lone ,  i t  i s  r e fe r red  t o  a s  the  

i s o e l e c t r i c  point ( I E P )  . ) In t h i s  case ,  the  surface  potent ia l  becomes 

zero and the  e l e c t r i c  double l aye r  d i s i n t e g r a t e s .  This need not coincide 

w f t h  neut ra l  pH a s  Marshall (1'375) demonstrated in a  t a b l e  s i m i l a r  t o  

Table 3-1. Although the  ion exchange capaci ty  i s  not necessar i ly  zero 

Table 3-1. I s o e l e c t r i c  Points of Oxides and Hydrous 

Oxides of Iron and Aluminum ( a f t e r  Marshall , 1975)  

P r e c i p i t a t e  o r  
Mi nera 1  Notes 

I s o c l e c t r i c  
OH 

Al(OH)3 PPt .  
A 1  UH 2 p p t .  
AlI0H13 P P ~ .  
Gi bbsi t e  
Bayeri  t e  
Corundum 

Fe(OH)j P P ~  
L imoni te  
Lepidocroci t e  
Goethi te  
Hema t i t e  

~ r o n l  ch lo r ide  
From su l fa te  
Amorphous 
A1 (OH) 3 
A1 (OH) 3 
A1 203 
From ch lo r ide  
From s u l f a t e  
Amorphous 
TeO . OH 
FeO.OH 
FeO.OH 
Fez03 



a t  t h e  ZPC, i t  i s ,  of course, a  minimum w i t h  t h e  f i n i t e  amount o f  ex -  

change c a p a c i t y  be ing  a t t r i b u t e d  t o  i o n  adso rp t i on  and chemisorpt ion.  

The i nhe ren t  nega t i ve  surface charge o f  t h e  c l a y  p a r t i c l e s  w i l l  cause 

t h e  ox ide  coated c l a y  t o  e x h i b i t  i t s  ZPC a t  a  l owe r  pH than  a  comparable 

s imple ox ide  hav ing t h e  same degree o f  chemisorbed su r f ace  charge. 

I n  c o n t r a s t  t o  t h e  e l e c t r i c a l  double l a y e r  i o n  exchange model, 

Jenne (1968) p resen ts  a  good deal  o f  ev idence suppo r t i ng  t h e  concept  

of s p e c i f i c  adso rp t i on  o f  t r a c e  meta ls  on to  t h e  hydrous o x i d e  su r f ace  

coa t i ngs  o f  c o l l  o i d a l  p a r t i c l e s .  It seems reasonabl e, however, t h a t  

bo th  t h e  i o n  exchange mechanisms and t h e  s p e c i f i c  adso rp t i on  mech- 

anisms should c o n t r i b u t e  t o  t h e  observed da ta  p e r t a i n i n g  t o  t h e  exchange- 

ab l  e  and non-exchangeabl e  i o n  s o r p t i o n  c a p a c i t i e s ,  as suggested by t h e  

work o f  E lgaba ly  and Jenny (1943).  Numerous o t h e r  works suggest t h e  

presence o f  exchangeable and non-exchangeable mechanisms of i o n i c  

s o r p t i o n :  Hodgson (1960); Menzel and Jackson (1950);  Demumbrum and 

Jackson (1956a ,b) ; F ie l des  and Scho f i e l  d  (1960) ; G i l b e r t  e t  a1 . (1976) .  

On t h e  o t h e r  hand, evidence g i ven  by  K inn iburgh  e t  a l .  (1975) tends t o  

suppor t  t h e  hydrous ox ide  model as overwhelmingly  de te rmin ing  t h e  

s o r p t i o n  o f  t r a c e  e lemer~ts .  A d d i t i o n a l l y ,  s o l u h i l i t y  s t u d i e s  performed 

on f l y  ash (Theis  and Wi r th ,  1977) i n d i c a t e  t h a t  t h e  t r a c e  meta l  con ten t  

o f  ash p a r t i c l e s  i s  concen t ra ted  i n  su r f ace  l a y e r s  o f  i r o n  and manganese 

ox ides .  Because t h e  s t a b i l i t y  of t h e  hydrous o x i d e  p r e c i p i t a t e s  i s  

dependent upon pH toge the r  w i t h  r e d u c t i o n - o x i d a t i o n  p o t e n t i a l ,  Eh, 

t h e  s p e c i f i c  s o r p t i o n  on to  these  o x i d e  coa t i ngs  may a l s o  be a f f e c t e d  by 

t h e  system pH. Outs ide  t h e  s t a b l e  Eh-pH f i e l d  f o r  p r e c i p i t a t e d  hydrous 

metal  ox ides ,  t r a c e  metal s o r p t i o n  cannot t a k e  p l ace .  Jenne (1968) pre-  

sen ts  Eh-pH s t a b i l i t y  f i e l d s  f o r  i r o n  and manganese ox ides ,  wh4ch a r e  
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surmised t o  be the  principal  adsorbing species in water-soil systems. 

Lindsay (1972) presents addit ional  sol ubil i  t y  data f o r  .iron and manga- 

nese, a s  well a s  several o ther  important t r a ce  metals ,  including Z n ,  C u  

and Mo. 

Hingston e t  a l .  (1972) repor t  surface anion adsorption a t  a  pH 

more a lka l ine  than t he  ZPC.  The spec i f i c  adsorption of anions from 

incompletely dissocia ted ac ids  occurs as the  acid d i s soc ia tes  a t  the 

metal surface and the  acid H +  combines w i t h  OH- i n  the  inner Helmholtz 

plane ( i  . H . p . )  t o  form water. The water i s  e a s i l y  replaced by the  f r e e  

anion of the  dissocia ted aci.d. This occurs when the  pH i s  near a  pKa 

(negative logarithm of the  ionization constant  f o r  a  weak ac id )  of the  

ac id .  They a l so  observed t h a t  spec i f i c  adsorption s h i f t s  the ZPC 

toward more ac id ic  pH's. 

The anions of f u l l y  d issocia ted acids  a r e  not adsorbed unless the 

surface charge i s  pos i t ive ,  a  condition which occurs on the  acid s ide  

of t h e  Z P C .  There i s  no evidence t h a t  an anion in thc  sbscnce of i t s  

ac id  can be adsorbed on a  neutral o r  negative surface (neglecting 

adsorption on the pos i t ive ly  charged edge of c lays )  (Hingston e t  a1 . , 
1972 1, 

3.1.2 Precipi ta t ion 

Generally speaking, most t r ace  metal i snrn~rs  drrnonstrate decreasing 

sol ubil i t y  with increasing pH. Notable exceptions a r e  Fe(OH? 1, C u ( Q H ) a ,  

several oxides of Mo and hydroxides of Zn (Lindsay, 1972). and anionic 

forms of Cr, As and Se (Gr i f f in  and Shimp, 1978). Trace element solu- 

b i l i t y  in groundwater systems i s  a f fec ted  not only by the  pH and Eh 

but a l so  by the  pa r t i a l  pressures of oxygen ( P  ) a n d  cdrbon dioxide 
0 2 



(P ) ,  as w e l l  as b y  t h e  presence o f  anions such as carbonates and co 2 

phosphates (L indsay,  1972). The presence' .of  carbonate. ions; may 

encourage t h e  f o rma t i on  o f  a  number o f  i n s o l  u b l e  p r e c i p i t a t e s  ( G a r r e l l  s  

and C h r i s t ,  1965). T h i s  p r e c i p i t a t i o n ,  o f  course, a f f e c t s  t h e  immobil i- 

z a t i o n  o f  t h e  t r a c e  elements i n  t h e  s o i l  . Ponnamperuma e t  a1 . (1966) 

p rov ide  a d d i t i o n a l  Eh-pH-P -P r e l a t i o n s h i p s  f o r  i r o n  and manganese 
con  02 

i n  f l ooded  s o i l s .  I n  t h e i r  16 week s t u d i e s  t h e y  found t h a t  t h e  pH 

e q u i l i b r a t e d  t o  a  p o i n t  near  7 f o r  b o t h  t h e  so. i l  pH and the: s o i l  s o l u t i o n  

pH. I n  a c i d  s o i l s  t h i s  was a t t r i b u t e d  t o  e i t h e r . t h e  p o t e n t i a l  o f  t h e  

F ~ ( O H ) ~ - F ~ ~ +  system o r ,  f o r  reduced a c i d  s o i l s  h i g h  i n  i r o n ,  t o  t h e  

Fe(OH), -H20-C02 system. For a1 ka l  i s o i l s  the '  system i s  Na2C03-H20-C02 

and f o r  ca lcareous s o i l s  t h e  system i s  t h e  CaC03-H20-C02. The pH va lues 

o f  t h e  f l ooded  s o i l s  were nearer  7  than  those  o f  t h e  aerob ic  coun te rpa r t s .  

3.1.3 D i spe rs i on  and D i f f u s i o n  

Two a d d i t i o n a l  mechanisms m e r i t  b r i e f  ment ion: d i s p e r s i o n  and 

d i f f u s i o n .  The d i f f u s i o n  process may have two meanings w i t h i n  t h e  

c o n t e x t  o f  t h i s  paper. S o l i d  s t a t e  d i f f u s i o n ,  a l s o  known as l a t t i c e  

pene t ra t i on ,  i s  indeed a f i x a t i o n  mechanism (Jenne, 1968). Here an 

i o n  f i l l s  s c a v i t y  o f  s u i t a b l e  s i z e  i n  the c l a y  l a t t i c e  which r e s u l t s  

f rom an unoccupied oxygen and hydroxy,,  octahedra.  I n  a  s tudy o f  

montmori l  l o n i t e  c l ays ,  E l  gabaly  and Jenny (1.943) i d e n t i f i e d  t h i s  process 

i n  t h e  s u b s t i t u t i o n  o f  zn2+ w i t h  i o n i c  s i z e  0.78 f o r  Mg2+-which has 

t h e  i d e n t i c a l  s i z e .  The o the r .p rocess  assoc ia ted  w i t h  t h e  t e rm  d i f -  

fus ion  i s  a c t u a l l y  one o f  d i l u t i o n  which a r i s e s  f r om t h e  random thermal 

mot ion o f  ions  and molecules (Nye, 1979). The n e t  movement i s  f r om 

h i g h  concen t ra t i on  t o  low c o n c e n t r a t i o n  and i s  desc r i bed  by  F i c k ' s  



f i r s t  law of diffusion, which in one dimension i s :  

where F i s  the f lux ,  D i s  the diffusion coeff ic ient ,  C i s  the concen- 

t r a t ion ,  and x i s  the direction of movement. 

Dispersion in porous media resu l t s  from the varied tor tuosi ty  of 

the different  f lu id  paths and the frequent diverging of flow streams 

near the boundaries of the flow f i e ld .  Biggar and Nielsen (1963) dis- 

cuss the influence of dispersion on breakthrough of exchangeable ions. 

Considering only the longitudinal direct ion,  the different ial  equation 

describing the dispersion i s :  

where the longitudinal dispersion coeff ic ient  DL i s  determined from 

where v i s  the kinematic viscosity and NR i s  the Reynolds number. The 

other terms in the dispersion equation are the average f lu id  velocity 

in the longitudinal direct ion,  V x ,  and the time, t (Bouwer, 1978). 

Dispersion i s  also a dilution type process. 

3.1.4 Summary 

A number of attenuation mechanisms have been ident i f ied,  however 

i t  i s  generally uncertain which mechanisms dominate. Jenne (1968) 

has reviewed many papers and reinterpreted the resu l t s  convincingly 

t o  support h is  hydrous oxide model. He suggests tha t  organic matter 

more often plays an indirect rather than a direct  role in fixing heavy 



metals. The reducing environment created by the presence of organic 

material i s  shown t o  support adsorption of heavy metals by hydrous 

oxides of iron and manganese. Waterlogging of so i l s  in the absence 

of organics may have an insignificant influence, b u t  the anaerobic 

environment created in the presence of organics i s  interpreted as 

additional evidence for  the support of t h i s  model. Jenne fur ther  shows 

that  much of the data interpreted as supporting a cation exchange model 

are based upon good correlations; however, the correlations could jus t  

as  easi ly  have been with surface area (of which CEC i s  a function) 

suggesting that  adsorption by hydrous oxides (a l so  a function of surface 

area) could also account fo r  the adsorption. Furthermore, the r a t e  of 

ion exchange.is re lat ively rapid compared to the r a t e  of fixation by 

hydrous oxides, the former being on the order of seconds or  minutes 

(Jenne , 1968). With these points in mind, cer tainly Jenne' s arguments 

bear consideration. 

3.2 FACTORS INFLUENCING ATTENUATION 

In addition to  the wide var iab i l i ty  of soi l  systems, var iab i l i ty  in 

the leaching materials can significantly a f fec t  the uptake and attenua- 

t ion properties. Leachate from municipal l andf i l l s  may be somewhat 

acidic and rich in organic acids (Fuller and Korte, 1976; Fuller 1977, 

1978) while leachate from ponded f l y  ash i s  usually inorganic and highly 

a1 kal ine (Theis e t  a1 . 1976; Ho1 land e t  a1 . , 1975) a1 though acidic f l y  

ash leachates have been noted in eastern Tennessee (Mil 1 igan and Ruane, 

1980). This source of var iab i l i ty  fur ther  points out the necessity for  

column or batch studies to determine the gross behavior of leachates 

in so i l s .  



Ful ler  and Korte (1976) and Ful ler  (1977, 1978) summarize a  number 

of general va r iab les  known t o  a f f e c t  the a t tenuat ion charac te r i s t i c s .  of 

s o i l s ,  among which a r e :  

1) s o i l  p a r t i c l e  s i ze  d i s t r i b u t i o n ,  

2)  s o i l  pore s i z e  d i s t r i bu t i on ,  

3 )  calcium content  of the  s o i l ,  

4 )  solut ion f lux  through the s o i l ,  

5 )  the  presence of oxides and hydroxides of aluminum, iron 

and manganese, and 

6 )  so i l  pH value.  

An addi t ional  f a c t o r ,  which i s  not e n t i r e l y  independent, mentioned by 

Gr i f f in  and Shimp (1978) i s  leachate ionic  s t rength .  

3.2.1 Soil Pa r t i c l e  Size Dis t r ibut ion 

The so i l  p a r t i c l e  s i ze  d i s t r ibu t ion  l a rge ly  determines the surface 

area ava i l ab le  f o r  adsorption.  I t  i s  pa r t ly  f o r  t h i s  reason t h a t  c lay  

minerals exh ib i t  a  higher sorpt ive  capacity than l a rger  soi l  f r a c t i ons .  

The p a r t i c l e  s i z e  a l so  determines the  influence of the  surface charge 

d i s t r i bu t i on .  On small clay pa r t i c l e s  the  surface charges a r e  highly 

local ized with pos i t ive  charges along the  edges and negative charges 

on the  surfaces .  With t h i s  local  izatfon the surfaces become cat ion 

adsorbers and, t o  a  l e s s e r  ex ten t ,  the  edges become anion adsorbers. 

In l a rqer  ps . r t i c les ,  much of t h e  pnt.r?ntial i s  not. a v a i l s - h l ~  f n r  inn 

adsorption but ra the r  i s  required t o  hold the p a r t i c l e  together .  Mont- 

moril l o n i t e  clays exh ib i t  especia l ly  su i t ab l e  proper t ies  as  a  waste p i t  

l i n e r  because of t he  small pa r t i c l e  s i z e  and consequent l a rge  surface 

a rea ,  high swell i  ng capacity , and high cation exchange capacity compared 



t o  o t h e r  c l a y s  s u c h  as kaol  i n i t e  and ill i t e .  It may be, however, t h a t  

t h e  c h i e f  i n f l uence  o f  . p a r t i c l e  s i z e  i s  on t h e  pore  s i z e  s i nce  Ful1e.r 
. . . .  . . 

(1978) and F u l l e r  and Ko r te  (1976) found CEC and t h e  k i n d  o f  c l a y  minera l  

t o  be t h e  l e a s t  impor tan t  , i n f l  uences on l eacha te  a t t e n u a t i o n .  

3.2.2 S o i l  Pore S ize  D i s t r i b u t i o n  

The s o i l  pore s i z e  d i s t r i b u t i o n  i s  r e l a t e d  t o  t h e  s o i l  p a r t i c l e  

s i z e  and t h e  s o i l  composi t ion.  I nc l uded  i n  t h i s  l a t t e r  p r o p e r t y  should 

be t h e  i o n i c  spec ies adsorbed on t h e  sur face .  Smal le r  pore  s i z e s  r e s t r i c t  

t h e  f l o w  o f  l i q u i d  through t h e  s o i l  a l l o w i n g  a  l o n g e r  t ime  f o r  l eacha te  

ions  t o  be adsorbed o r  f o r  chemical r e a c t i o n s  t o  occur .  

3.2..3 Calcium Content 

C l o s e l y  r e l a t e d  t o  pore s i z e  i s  t h e  ca l c i um o r  l i m e  con ten t  o f  t h e  

s o i l  . If c l a y  has a  h i gh  sodium con ten t ,  i t  w i l l  be d ispersed  and t hus  

e x h i b i t  a  l ow  p e r m e a b i l i t y ,  whereas i f  ca l c i um i s  p resen t  i n s t e a d  o f  

sodium, t h e  c l a y  w i l l  be w e l l - f l o c c u l a t e d  and w i l l  have a  h i ghe r  perrnea- 

b i l i t y .  The d i s p e r s i o n / f l o c c u l a t i o n  process i s  d iscussed i n  a  number 

o f  t e x t s  (e.g.  Mattson, 1929; van Olphen, 1977; Bouwer, 1978); t h e  

b r i e f  d i scuss ion  o f  Bouwer i s  f o l l o w e d  here. 

F l o c c u l a t i o n  o f  c l a y  p a r t i c l e s  occurs when s u f f i c i e n t  a t t r a c t i v e  

f o r c e s  e x i s t  t o  b i n d  t h e  c l a y  p a r t i c l e s .  The forces which may con- 

t r i b u t e  i n c l u d e  bonds between o rgan i c  polymers,  p o l y v a l e n t  c a t i o n  

b r idges ,  sesquiox ide humus complexes, and van der  Waal s  f o r c e s  (Fus ta fa .  

1979). For purposes of t h i s  paper t h e  van de r  Waal s  f o r c e s  a r e  most 

impor tan t .  I f  the, c l a y  p a r t i c l e s  can be c l o s e  t oge the r ,  these f o r c e s  

w i l l  b i n d  t h e  p a r t i c l e s  t oge the r  i n  f ' l occu les  . Two i n f l  uences combine 

t o  p reven t  t h i s  f l o c c u l a t i o n  i f  Fia' i ons  occupy t h e  exchange s i t e s :  



1) the  ~ a ?  ions a r e  hydrated presenting a  th ick double layer which 

prevents the  p a r t i c l e s  from being su f f i c i en t l y  c lose  f o r  the van der. 

Walls forces  t o  bind t he  pa r t i c l e s ,  and 2) the  monovalent ~ a +  ions do 

not e f f ec t i ve ly  mask the  negative charges of the clay pa r t i c l e s  them- 

se lves ,  hence an e l e c t r o s t a t i c  repulsive force  opposes the  van der Waals 

fo rces .  Generally t he  divalent  cat ions  ca2+ and f4g2+ replace the  mono- 
- 

valent  ca t ions  a t  exchange s i t e s .  lhese ions a r e  not hydrated, hence 

t he  pa r t i c l e s  may be c lose  enough f o r  the  van der Waals forces  t o  bind 

them and the  c lay i s  flocculated. Thc f locculcs  a c t  as l a rge  par t i c les  

increasing the  pore spacing and the  soi l  permeabil i t y .  

3.2.4 Solution Flux through 'the Soil 

Fuller  (1978) noted t ha t  sharp decreases in the  e f f luen t  metal con- 

centra t ions  were of ten associated with accidental reductions in solution 

f l  ux . Further experimentation showed a  f l  ux e f f ec t  f o r  Cd, A1 , Fe and Z n ;  

however, the  magnitude of the  e f f ec t  varied.  That the  concentration of 

a  metal in  the  e f f l uen t  should vary with the  solution flow r a t e  i s  not 

surpr i s ing .  What i s  in teres t ing i s  the v a r i a b i l i t y  of the e f f luen t  con- 

centra t ion a s  a  function of element species and so i l  type. Fuller  suggests 

t h a t  addit ional  invest igat ive  work i s  needed on t h i s  phenomenon. 

3.2.5 Influence of Oxides and Hydroxides 

The hydrous oxides of ~e" ,  I l l 3 + ,  and binZ+ may c o a t  the soi l  par- 

t i c  le ,  and t he  t r a ce  element I s  then probably f i r s t  adsorbed url L t ~ e  sur8- 

face  of t h e  hydrous oxide. The scenario continues with another hydrous 

oxide layer coating the  adsorbed metal l aye r ,  and the  sequence continues. 

An equation f i r s t  presented by Leeper (1972) was reported by Fuller  . 

(1977) t o  explain a  possible adsorption reaction:  



2FeO.OH + zn2+ +- ZnFeO + 2 ~ '  

Because t h e  s o i l  i t s e l f  i s  composed o f  ox i des  (e.g. S i ,  A1 , Fe, e t c . ) ,  

t h e  p o t e n t i a l  f o r  aqueous chemical  r e a c t i o n s  seems dependent o n l y  upon 

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

t h e  element s t r u c t u r e .  I n  m o n t m o r i l l o n i t e  c l a y  about  one s i x t h  o f  t h e  

aluminum i o n s  have been rep laced  by  magnesium (Foth,  1978). 

3.2.6 pH Values 

The s o i l  and l eacha te  pH va lues  a r e  c l o s e l y  t i e d  t o  t h e  p o t e n t i a l  

f o r  c e r t a i n  i ons  t o  p r e c i p i t a t e  and hence be a t t enua ted  b y  t h e  s o i l  

column. The s o l u t i o n  pH may a1 so i n f l u e n c e  a d s o r p t i o n  by  a1 t e r i n g  t h e  

p o l a r i t y  o f  t h e  p a r t i c l e  su r f ace  charge and t he reby  i n f l u e n c i n g  which 

spec ies a r e  exchanged. Another p o s s i b l e  i n f l u e n c e  i s  t h e  s o i l ' s  a b i l i t y  

t o  b u f f e r  t h e  l eacha te  pH and consequen t l y  change t h e  i o n i c  spec ies i n  

so l  u t  i o n .  

3.2.7 Leachate I o n i c  S t reng th  

O f  a l l  t h e  v a r i a b l e s  one m igh t  choose t o  c o n t r o l  i n  a  s 'o i l  a t t e n u -  

a t i o n  exper iment ,  i o n i c  s t r e n g t h  m igh t  be t h e  most d e s i r e a b l e .  It i s  a  

measure o f  t h e  average 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  among i o n s  i n  an 

e l e c t r o l y t e  and i t  i s  a  f u n c t i o n  o f  m o l a l i t y  (and hence c o n c e n t r a t i o n ) ;  

t h e r e f o r e ,  t h e  a t t r a c t i v e n e s s  o f  c o n t r o l l i n g  t h i s  parameter i s  t h a t  t h e  

exac t  i o n i c  spec ies i n  t he  l eacha te  would be known. U n f o r t u n a t e l y ,  as 

G r i f f i n  and Shimp (1978) no te ,  " t h i s  i s  n o t  a  v a r i a b l e  t o  be c o n t r o l l e d . "  

A l though t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n  may be e s t a b l i s h e d  b e f o r e  

i n i t i a l  c o n t a c t  w i t h  t h e  s o i l ,  once i n  c o n t a c t  t h e  pH and compos i t i on  

n f  t h e  s o i l  may a l t e r  t h e  i o n i c  s t r e n g t h  o f  t h e  l eacha te .  G r i f f i n  and 



Shimp (1998) a s s e r t  t h a t  the maximum removal f o r  many elements i s  a 

function of the  ionic  strength of t he  leachate ,  C E C  of the  s o i l ,  and 

pH of the 1 eachate. 

3 . 3  REVIEW O F  ADSORPTION EXPERIMENTS 

Numerous experimental s tudies  have been documented which address 

the  sorpt ive  a b i l i t y  of a pa r t i cu l a r  soi l  o r  clay f o r  spec i f i c  cat ions  

o r  anions. Flost of these experiments have been done by s c i e n t i s t s  in-  

t e res ted  i n  plant  nu t r i t ion  while some have been i n i t i a t e d  by those 

concerned w i t h  leachates  from municipal waste disposal s i t e s .  These 

l a t t e r  leachates tend t o  be ac id ic .  These experiments have often been 

i n i t i a t e d  with t he  i n t en t  of verifying a hypothesized uptake mechanism. 

This sect ion r e l a t e s  experimental evidence on an element by element 

bas is  t o  the  basic leachate-soil  in teract ion phenomena discussed pre- 

viously. Evidence obtained from broad spectrum-type soi l  column studies 

wil l  be c i t e d  here,  a s  well a s  in a l a t e r  section which addresses column 

s tud ies  spec i f i c a l l y .  

3 . 3 . 1  Adsorption of Specific Elements 

3 . 3 . 1 . 1  Elements which Form Important Oxides 

Adsorption by mineral species i s  an important at tenuation process 

involving oxide co l lo ids  and oxide and hydrous oxide coatings on s i l i c a t e  

c lays .  Two elements in  par t i cu la r ,  iron and manganese, have received 

extensive treatment in the l i t e r a t u r e .  

3 . 3 . 1 . 1 . 1  Iron 

Iron occurs natural ly  in  s o i l s  and most often with valences of 



+2 or  +3 (Theis e t  a1 ., 1982). Leeper (1970) s t a t e s  t h a t  the pH must 

be below 4 f o r  the f e r r i c  concentration t o  reach even micromolar'levels. 

Because of t h i s  he fu r the r  suggests t h a t  the fer rous  ion and f e r r i -  

organic ions of c lass ica l  type a r e  unstable in neutral o r  a1 kal ine media. 

According t o  Gr i f f in  and Shimp (1978) Fe may be e luted under an- 

aerobic conditions due t o  the  dissolut ion of the  oxide coatings on the  

c lay  surfaces.  Korte e t  a1 . (1976) suggest t h a t  hydrous oxides of iron 

adsorb t r a ce  metals, consequently i t  i s  probable t h a t  t r a ce  metals a r e  

revers ibly  released when iron i s  e lu ted.  Gadde and Laitinen (1974) 

reported spec i f i c  adsorption of p b 2 +  and cd2+ on hydrous f e r r i c  .oxide. 

Artiola and Fuller  (1980) looked a t  the  a t tenuat ion of iron in t h e i r  

study of the .e f fec t iveness  of limestone as a l i n e r  f o r  municipal land- 

f i l l s .  They found t h a t  the limestone l i n e r  did enhance Fe a t tenuat ion 

and t ha t  t h i s  at tenuation was most influenced by redox. As would be 

expected the  iron moved more slowly in  c lay  than sandy s o i l s .  They 

0bserve.d l i t t l e  o r  no s i gn i f i c an t  competition between Fe and 6e, C d ,  Ni, 

o r  Zn f o r  exchange s i t e s .  The authors i n t e rp r e t  these  f indings and 

those of Korte e t  a1.  (1976) as  supporting the hydrous oxide model of 

Jenne (1968). 

In a 1972 study, Norvell and Lindsay found t h a t  addi t ions  of Fe- 

DTPA were e f fec t ive  in maintaining Fe s o l u b i l i t y  in s o i l s  in the  pH 

range 5.8 t o  7.3. Their ca lcula t ions  indicate  t h a t  Fe-DTPA should be 

very s tab le  in acid s o i l s ,  moderately s t ab le  in  s l i g h t l y  a1 kal ine s o i l s ,  

and unstable in calcareous s o i l s .  The experimental data supported t h i s  

with s t a b i l i t y  declining with increasing pH. This decline i s  p a r t i a l l y  

a t t r i bu t ed  t o  decreasing so lub i l i t y  of so i l  Fe and consequent replacement 

of F e  by Ca i n  Fe-DTPA. Adsorption o f  DTPA by the so i l  was implicated I 



as a major cause of the loss of Fe-DTPA from soultion. This i s  supported 

by the rapid i n i t i a l  losses of C14-labeled DTPA which were accompani.ed 

by similar losses of soluble Fe. Dissolution and chelation of Fe by 

DTPA was much less  important in the a1 kal ine s o i l s  because of the lower 

so lubi l i ty  of so i l  Fe a t  higher pH. 

3.3.1.1.2 Manganese 

The chemical behavior and geologic occurence of manganese i s  

s imilar  t o  iron. I t  i s  however more electropositive t h a n  i r o r ~ ,  nlost 

of i t s  compounds exhibit  a higher so lubi l i ty  t h a n  similar compounds 

of i ron,  and the sulf ides  exhibit  l e s s  s tabi l  i t y .  Naturally occuring 

compounds exhibit  three valence s ta tes  (2+, 3+, 4+). The 3+ valence 

s t a t e  i s  unstable in solution. The s table  compounds are those of Mn 

in reducing environments and MnO, in oxidizing environments. The 

reaction between species suggested by Leeper (1970) i s :  

Oxidizing: 

~ n "  + 2 O H -  + ( 0 )  = MnO, + H20 

Reducing : 

f ino2 + 4 H+ + 2 e- = Mn2+ + 2 H20 

Hemstock and Low (1953) report formation of Mn02 from a solution with a 

pH of 2 . 7  and Mn concentration of 27 mg/L. The lorly .ter~n equilibriu~ii 

favors production of Mn02. 

Under reducing conditions, ~ n ' +  i s  1 ess strongly adsorbed than 

other heavy metals on part ic les  of s o i l .  The compounds of ~ n "  are  a t  

l eas t  s l ight ly  soluble u p  to  a pH of 7 in the presence of the usual 

anions found in surface waters (Krauskopf, 1972). 

I f  t.he i s  re lat ively abundant, a t  high temperatures with pH>8, 



Mn(OH)2 p r ec ip i t a t e s  then dehydrates t o  form MnO (Krauskopf, 1972). 

The low temperature oxidation products include psilomelane, 

~aMn(11)Mn(IV),0,, (OH) , , ;  brauni t e ,  (Mn,Si),03 ; manganite, MnOOH; 

pyrolus i te ,  Nn02; and wad, an impure hydrated oxide. The psilomelane 

of ten  contains Co, Ni, C u ,  Pb, W ,  Ca, and K .  

The d e t a i l s  of oxidation a re  not c l e a r ,  even in laboratory ex- 

periments. Some invest igators  (Hem, 1963; Coll ins  and Buoll , 1970) 

report  general agreement between theoret ica l  predic t ions  and laboratory 

observations of the  Eh and pH of p rec ip i t a t ion  of simple oxides by 

oxidation of ~ n ~ + .  Hemstock and Low (1953) found a pH dependence f o r  

f ixed manganese which they in terpre ted t o  suggest an oxidation- 

p rec ip i t a t ion  react ion producing Mn02. More recent ly  t h e i r  experiment ' 

has been considered by Leeper (1970) who suggests t h a t  t he  consumption 

of hydroxide was misinterpreted and t h a t  atmospheric C02 ra ther  than 

~ n , +  consumed the O H - ,  Manganese i s  soluble  a t  low pH and Leeper (1970) 

suggests t h a t  the  acid ex t rac t s  not only ~ n ~ +  but a l so  Mn02. Since 

Mn and Fe frequently occur together ,  i t  i s  important t o  note an influence 

which Fe may exer t .  Fe p rec ip i t a tes  a t  a lower' Eh and pH than Mn, con- 

sequently 'Mn may coprec ip i t a te  with Fe(OH), o r  be adsorbed on the  surface 

This r e su l t s  in below normal equilibrium concentrations of ~ n ~ +  in 

sol ution (Krauskopf , 1972). 

According to  Krauskopf (1972), 1 i t t l  e information i s  ava i l ab le  on 

Mn adsorption in s o i l s .  I t  i s  known t h a t  ~ n * +  i s  more strongly adsorbed 

on fe ldspathic  sand than i s  ca2+. Acidifying the so i l  increases Mn 

avai labi l  i  ty  (Leeper, 1970) suggesting t h a t  the  ion becomes 1 ess 

strongly he1 d .  Hemstock and Low (1953) el  imi nated 1 a t t i c e  subs t i tu t ion  

as an explanat ion of the  nonexchangeable manganese in nlontmoril loni t e  
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c l a y  because t h e  c r y s t a l  l a t t i c e  would be rendered uns t ab le  according 

t o  t he  Paul ing valence r u l e .  They a1 so ru l ed  ou t  t h e  poss ib i l  i t y  t h a t  

t h e  manganese ions  might be t rapped  between t h e  c l a y  p l a t e s .  Sanchez 

and Kamprath (1959) found t h a t  Mn which was added t o  a  sandy loam was 

i n i t i a l l y  r e a d i l y  exchangeable,  but t h a t  upon incubat ion  i n  t h e  s o i l  

under na tu ra l  mois ture  cond i t i ons  f o r  severa l  weeks i t  became non- 

exchangeable.  When s u b s t a n t i a l  o rganic  pea t  was added, t h e  manganese 

remained r e a d i l y  exchangeable a s  long a s  t h e  s o i l  was a c i d i c .  The 

a d d i t i o n  of l ime f u r t h e r  reduced t h e  exchangeable Mn l e v e l s  i n  t h e  

non-organic s o i l  and negated t h e  s o l u b i l i z i n g  e f f ~ c t  i n  t h e  o r g a n j c  

s o i l s .  I t  should be noted t h a t  ox ida t ion  a s  well a s  complexing was 

suggested a s  a  f a c t o r  i n  t h e  evo lu t ion  of t h e  i n s o l u b l e  Mn. Keddy 

and Perk ins  (1976) noted t h a t  reducing cond i t i ons  f a v o r ' t h e  formation 

of so lub le  I-In. They found t h a t  f i x e d  Mn increased  with pH,  and they 

assumed i t  t o  be a  p r e c i p i t a t i o n - s o l u b i l i t y  e f f e c t .  Add i t i ona l ly ,  t h e  

f i x e d  Mn was found t o  vary inve r se ly  with c a t i o n  exchange capac i ty  

for  i l l  i t e  and ben ton i t e  c l a y s .  In a  c o n t r a d i c t i n g  s tudy ,  G r i f f i n  and 

Shimp (1978) found no c o r r e l a t i o n  between Mn e l u t e d  from s o i l  by an 

organic  a c i d i c  l e a c h a t e  and t h e  s o i l  c a t i o n  exchange capac i ty ;  however, 

a  s i g n i f i c a n t  c o r r e l a t i o n  ( r = 0 . 9 5 )  was obta ined  f o r  e l u t e d  Mn vs.  s o i l  

c l a y  percentage.  Manganese e l u t i o n  was a t t r i b u t e d  t o  reduct ion o f  su r -  

f a c e  coa t ings  of Mn compounds on c l a y s  brought about by an anoxic en- 

vironment. Korte e t  d l .  (1975) observed only a  moderate c o r r e l a t i o n  of 

ac id -e lu t ed  s o i l  Mn with c l a y  percentage ,  a  small nega t ive  c o r r e l a t i o n  

with c a t i o n  exchange c a p a c i t y ,  but  a  very s i g n i f i c a n t  c o r r e l a t i o n  

( r=0 .59 )  with t h e  t o t a l  i ron  oxide  and manganese con ten t .  



3.3.1.2 Major  Ca t ions  

There a r e  a  few i ons  which, because o f  t h e i r  n a t u r a l  occurence, 

shou1.d be cons idered.  The'ir presence r e s u l  t s  f rom e i t h e r  t h e  weather-  

i n g  o f  m ine ra l  m a t t e r  (A13', ca2', Mg2', Kt , and Na') , o r  t h e  decaying 

of o r g a n i c  m a t t e r  as w i t h  NH,'.. I n  s o i l s  which have n o t  been e x t e n s i v e l y  

weathered and leached, ca2' and ~ g ~ +  a r e  t h e  most abundant exchangeable 

c a t i o n s ,  w h i l e  i n  s o i l s  which have exper ienced these processes, A13+ 

and H' predominate.  C e r t a i n l y  ~ a +  and Kt a r e  a l s o  u s u a l l y  p resen t ,  a t  

1  eas t  i n  minor  concen t ra t i on  (Hausenbuil 1  e r ,  1978). 

, As has been noted, (Sec t ion  3.1.1) a  c l a y  p a r t i c l e  de r i ves  p a r t  

of i t s  su r f ace  charge by isomorphic  l a t t i c e  s u b s t i t u t i o n  d u r i n g  format ion.  

The most common s u b s t i t u t i o n s  a r e  Mg2+ f o r  A1 3 +  i n  t h e  oc tahedra l  sheet 

as occurs w i t h  m o n t m o r i l l o n i t e ,  and s u b s t i t u t i o n  o f  A13+ f o r  t e t r a h e d r a l  

. S i 4 +  as occurs w i t h  ill i t e .  These l a t t i c e  s u b s t i t u t i o n s  a re  r e l a t i v e l y  

permanent. The K+ i o n  can a l s o  be q u i t e  immobi le when i t  occupies 

hexagonal ho les  o f  t h e  p l a n a r  sur faces  o f  ad jacen t  u n i t s  i n  ill i t e  

c l ays .  A potassium b r i d g e  (0-K-0) i s  formed which b inds  ad jacen t  l a y e r s  

t oge the r  and produces a  nonexpandable c l a y  l a t t i c e .  The K+ ' ion can be 

re l eased  du r i ng  f u r t h e r  weather ing of t h e  s o i l ,  b u t  t h i s  i s  a  ve ry  s low 

process. The potassium b r i d g e  n e u t r a l i z e s  some o f  t h e  l a t t i c e  charge 

which p a r t i a l l y  accounts f o r  t he  lower  CEC o f  i l l i t e  compared t.0 mont- 

m o r i l l  o n i t e  (Foth,  1978). 

Two f a c t o r s  p r i m a r i l y  i n f l u e n c e  t h e  c o n c e n t r a t i o n  and mobi l  i t y  o f  

these c a t i o n s  i n  t h e  s o i l  environment:  1 )  t h e  adso rp t i on  a f f i n i t y  o f  

t h e  c a t i o n s  and 2 )  t he  r e l a t i v e  c o n c e n t r a t i o n  o f  t h e  c a t i o n s .  

The f o l  l ow ing  adso rp t i on  s e r i e s  ( ~ a u s e n b u i l l  e r ,  1978) demonstrates 

t h e  two i o n i c  c h a r a c t e r i s t i c s  which c h i e f l y  determine t h e  adso rp t i on  



a f f in i ty .  The order of decreasing a f f in i ty  or  replaceabili ty i s :  

The influence of valence i s  quite c lear  as lower val enced ions demon- 

s t r a t e  lower adsorption a f f in i ty .  Calcium and magnesium, both a t  2+, 

are  roughly equal although Foth (1978) suggests tha t  ca2+ will replace 

M~". Potassium and sodium are not equal however, and t h i s  demonstrates 

the second character is t ic  : degree of hydration. The Na+ ion undergoes 

a much greater  degree of hydration than e i ther  K+ or  NH' and i s  con- 

sequently lower in the ser ies .  With i t s  greater hydration radium ~ a +  

cannot- get  as close to  the adsorption s i t e  and consequently i t s  adsorp- 

t ion a f f in i ty  i s  l e s s .  

The re la t ive  concentration of the different  ions i s  important in 

determining the equilibrium s t a t e .  I n  suff ic ient  concentrations weakly 

held ions can dominate b o t h  the exchangeable and soluble phases. The 

anionic composition of the soil  solution i s  also important in t h i s  re- 

gard. If  the anion forms a  weakly ionized acid with the cation, t h i s  

f a c i l i t a t e s  replacement; whereas, i f  a  strongly ionized acid r e su l t s ,  

exchanqe i s  not enhanced. Examples of t h i s  include Na+ replacement of 

H+ which forms weakly ionized water with 01:l-, and addition of C 1 -  o r  

sob2- with the Na+ in which case ~ a +  does not replace H+. 

Because of the i r  natural occurence, perhaps the most important 

consideration for  these t ina l  cations i s  t he i r  tendency eo be released 

from adsorption s i t e s  in favor of more detrimental species. 

3 . 3 . 1 . 3  Anions 

The environment a t  western ash disposal s i t e s  i s  generally ne11t.ra1 



t o  a l k a l i n e ,  which suggests t h a t  t h e  pH dependent p a r t i c l e  charges on 

t h e  s o i l  p a r t i c l e s  w i l l  be nega t i ve  ( t h e  i n h e r e n t  charge i s  a l s o  n e g a t i v e ) .  

The o n l y  p o s i t i v e l y  charged s i t e s  f o r  an ion  a d s o r p t i o n  w i l l  t h e r e f o r e  

be a l ong  t h e  c l a y  p a r t i c l e  edges. Because o f  t h e  r e l a t i v e l y  smal l  area 

o f  t h e  edges compared t o  t h e  su r f ace  area,  an ion  r e p u l s i o n  i s  more 

apparent  t han  an ion  a d s o r p t i o n  a l t hough  t h e  l a t t e r  has been r e p o r t e d  

(deHaan and B o l t ,  1963). T h i s  l a c k  o f  a d s o r p t i o n  suggests t h a t  an ions  

a r e  l i k e l y  t o  be r e l a t i v e l y  mob i l e .  

3.3.1.3.1 S u l f a t e  

I n  a  s tudy  by  Babcock and Schu l t z  (1963) two s o l u t i o n s  w i t h  t h e  

same c a t i o n  concen t ra t i ons  b u t  d i f f e r e n t  an ion  spec ies gave d i f f e r e n t  

va lues  f o r  exchangeable sodium because o f  d i f f e r e n t  a c t i v i t y  c o e f f i c i e n t s .  

The exchangeable sodium was h i g h e r  f o r  t h e  s u l f a t e  s e r i e s  t han  f o r  t h e  

c h l o r i d e  s e r i e s .  Brown and C a r t e r  (1969) added BaSe04 and a  m i x t u r e  of 

BaS04-BaSeOs t o  s o i l  columns. They found much l e s s  Se leached  w i t h  t h e  

B ~ s ~ O ~  t r ea tmen t  and t hey  found  more Se leached w i t h  gypsum s o l u t i o n  

than  w i t h  water  a lone .  I n  essence, t h e  a d d i t i o n  o f  i nc reased  t h e  

so l  u b i l  i t y  o f  BaSe04. 

Hem (1970) has s t a t e d  t h a t  t h e  presence o f  Ba i n  s o l u t i o n  i n d i c a t e s  

a  l ow  s u l f a t e  c o n c e n t r a t i o n  because BaS04 i s  r e l a t i v e l y  i n s o l u b l e .  I n  

f a c t  t h i s  i s  n o t  t h e  case f o r  most c a t i o n s  as c a t i o n s  taken  i n t o  so l u -  

t i o n  f r om  rocks  do n o t  u s u a l l y  fo rm i n s o l u b l e  complexes w i t h  S042- .  

Gene ra l l y  s u l f a t e s  a re  r e a d i l y  leached w i t h  hnt.h MgSO,, and Na2S04 

be ing  ve ry  s o l u b l e .  

Chao e t  a l .  (1963) s t u d i e d  f o u r  s o i l s  i n  t h e  a c i d  t o  n e u t r a l  range 

and found  t.hat s u l f a t e  was i n f l u e n c e d  by  c a t i o n s  and pH w i t h  t h e  l a t t e r  



dominating. S o i l s  sa tu ra t ed  with c a t i o n s  demonstrated an order  of 

preference f o r  adsorpt ion  of s u l f a t e  with A1 3 + - s a t u r a t e d  s o i l s  adsorbing 

t h e  most followed by ca2' and K'. The s o i l  s  which adsorbed l a r g e  

amounts of s u l f a t e  were high i n  hydrous i ron and aluminum oxides,  ex- 

changeable aluminum, and in some cases  amorphous ma te r i a l .  The s u l f a t e  

adsorpt ion  was adequately modelled using a Freundlich isotherm. There 

was no apparent  maximum adsorpt ion a s  s u l f a t e  concentrat ion was in-  

creased.  

3.3.1.3.2 Carbonate 

Carbonate mineral s  a r e  very common (Theis e t  a1 . , 1982) with CaC03 

having a dominating inf luence  on many s o i l  p rope r t i e s  (Lindsay, 1979). 

The s o i l  i s  gene ra l ly  an open system with regard t o  carbonate because 

of t h e  a v a i l a b i l  i t y  of atmospheric C02. Lindsay (1979) d iscusses  t h e  

carbonate and bicarbonate systems f o r  Ca2+, Hq2+, Na+, K', ~n?- ' ,  and 

~ e ~ + .  

The so lu t ion  pH and P determine t h e  equil ibrium of c O ~ ~ - ,  HC03- co 2 

and C02" i n  t h e  s o i l  system (Thei s e t  a1 . , 1982). Ponnamperuma e t  a1 . 
(1966) found t h a t  pH values of flooded s o i l s  were s e n s i t i v e  t o  C02 

charges.  These authors  suggested t h a t  t h e  pH of t h e  flooded a l k a l i ,  

calcareous s o i l s ,  and ac id  s o i l s  a f t e r  reduction could be explained by 

one o r  morc csrbonatc system?. 

Pohland e t  a1 .: (1982) suqqest ' t h a t  th.e pr inc ipa l  inf luence nf 

carbonate i s  t h e  e f f e c t  on t h e , p r e c i p i t a t i o n  of major ion species  and 

t h e  subsequent formation of a c t i v e  adsorpt ion s i t e s .  Several metal 

( e .g .  Fey Ca, Cd, Z n ,  Fin, Pb, C u ,  and Ba) carbonates may control  t h e  

s o l u b i l i t y  of metals  i n  the  absence uf s trong p r e c i p i t a t i o n  agents  



such as  su l f ide .  

3.3.1.4 Trace Elements 

Many of the following elements (Cr, As, Se, Hg, Pb,- Z n ,  C u ,  Cd, 

Ba, Ag, Ni , V ,  Be) a r e  necessary f o r  p lant  o r  animal l ' i f e ,  but a1 1  

have po ten t ia l ly  hazardous impacts a t  ce r ta in  concentrat ions.  

3.3.1.4.1 Chromium 

The'chromium ion may be found in e i t h e r  c a t i on i c  o r  anionic  form, 

depending on i t s  oxidation s t a t e .  Cr(V1) occurs a s  the  anionic forms 

HCr04- o r  Cr207"- f o r  pH l e s s  than about 7  and rever ts  t o  Cr0,2- f o r  pH 

greater  than 7  (MacNaughton, 1975). C r ( I I I ) ,  on the  other  hand, occurs 

only a s  ca t ion ic  species ,  pr incipal ly  as  the hydrolized forms (Gr i f f i n  

e t  a l . ,  1977). Gr i f f in  e t  a1 . (1977) found c r (111)  t o  be adsorbed by 

clays in accordance with the  Langmuir isotherm re la t ionship  assuming a  

cat ion exchange adsorption mechanism. As the pH was increased above the 

zero point o f  charge ( Z P C )  f o r  the clay minerals ,  the  C r ( I I1 )  was found 

t o  be completely adsorbed. ~ o l  umn adsorption s tud ies  performed by 

Korte e t  a1 .' (1976) did not ,  however, indicate  a  strong cor re la t ion  with 

C E C .  Instead,  the most s ign i f i can t  cor re la t ion  with retained Cr ( I I1 )  was 

with the amount of soi l  iron oxide and manganese. In another study 

(Artiola and Fu l le r ,  1979) the  addit ion of a  limestone l ayer  in  the  

soi l  column fu r t he r  increased adsorption of C r ( I I I ) ,  presumably by a  

pH e f f e c t  upon the  negative soi l  p a r t i c l e  charge. 

Because of the repulsion between the so i l  pa r t i c l e  negative surface 

charge and the  anionic Cr(V1) forms, adsorption of t h i s  species i s  con- 

siderably l e s s  than the  c a t i o r ~ i c  C r ( I I 1 ) .  Gr i f f in  and Shimp (1978) 

note t h a t  Cr(V1) adsorption (pr incipal  1y HCrU4 ' )  i s  g rea tes t  t o r  very 



acidic  conditions where the soil  clay par t ic les  may actually possess 

a posit ive surface charge. As the pH i s  increased above the Z P C ,  

adsorption of HCr04- rapidly diminished, becoming insignificant 

above a pH of about 7. This study found tha t  increasing ionic strength 

enhances s l  ightly the uptake of Cr(V1). Gilbert e t  a1 . (1976) and 

MacNaughten (1975) a l so  noted tha t  adsorption of Cr(V1) onto hydrous 

manganese and iron oxides was negligible; however, he found adsorp- 

t ion of Cr(V1) to  decrease with increasing ionic strength, in contrast 

t o  the observations of Griffin and Shimp (1978). 

3.3.1.4.2 Arsenic 

Arsenic appears natural 1 y in two oxidation s t a t e s ,  As (1'1 I )  and 

As(V), with the l a t t e r  being more prevalent b u t  the former being much 

more toxic (Doull, Klaassen and Amdur, 1980). A t  high pH under oxidizing 

conditions arsenic exhibits anionic behavior as arsenate, A s ( V ) O ~ ~ -  and 

arseni te ,  As(III)02- or A S ( I I I ) O , ~ '  (Theis e t  a1 . , 1982). Griffin and 

Shimp (1978) and Frost and Griffin (1977) report on adsorption studies 

involving both oxidation s t a t e s .  Their resul ts  showed tha t  arsenic 

adsorption onto kaolinite and montmorillonite clays was dependent upon 

the concentration of arsenic i n  solutiurl, 'the amount of arsenic adsorbed 

increasing with increasing AS ( v )  or As(II1) ionic concentration. I he 

amount of As(V) adsorbed varied with pH, a t  f i r s t  increasing with i n -  

creasing pH and l a t e r  decreasing. This fluctuation seerned t o  be 

governed by. the re la t ive  abundance of the monovalent H2As04- species. 

Although n o t  noted, i t  seems possible tha t  the decreasing adsorption 

f o r  high pH could have been due also to  a negative surface charge 

brought about by pH in excess of the clay ZPC's which correspond 



approximately t o  t h e  pH's a t  t h e  adsorp t ion  maximums. As( I I1)  showed a  

s i m i l a r  pH e f f e c t  f o r  montmoril l o n i t e  but va r i ed  f o r  kaol i n i t e ,  with 

adsorp t ion  con t inua l ly  i nc reas ing  with inc reas ing  pH. 

In experiments with f l y  ash l e a c h a t e  from power p l a n t s  i n  Tennessee, 

Turner (1981) found t h a t  As(V) concen t r a t ions  va r i ed  sys temat ica l  l y  a s  

a  func t ion  of pH but  t h e  A s ( I I 1 )  concen t r a t ions  remained nea r ly  cons t an t  

i n  t he  pH range 3 t o  12.  Turner sugges ts  t h a t  a s  an an ion ic  o r  neu t r a l  

s p e c i e s ,  a r s e n i c  should be more mobile than  most t r a c e  metal c a t i o n s .  

Surface a c t i v e  s o l i d s  which have i s o e l e c t r i c  p o i n t s  i n  t h e  bas i c  pH 

range,  such a s  amorphous i ron  hydroxide, a r e  1  i k e l y  t o  adsorb an ion ic  

a r s e n i c  spec i e s .  P ie rce  and Moore (1980) r e p o r t  t h a t  s p e c i f i c  adsorp t ion  

of t h e  neu t r a l  a rsen ious  a c i d  molecule on amorphous i ron  oxyhydroxide 

i s  important a t  environmental ly  r e a l i s t i c  concen t r a t ions .  In t h e i r  

s tudy ,  P ie rce  and Moore found t h a t  t h e  adsorp t ion  isotherms obeyed 

Langmuir type  equat ions  f o r  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 s  a t  0.01, 

a  pH range from 4 t o  10 ,  and an a r s e n i t e  concent ra t ion  range of  lo-' 

t o  M. 

Korte it a1 . (197'6) found a r s e n i c  adsorp t ion  t o  be predominantly 

c o r r e l a t e d  with s o i l  c l ay  con ten t .  Huany (1975) fuur.~d arSserl i c  Lu 

adsorb in  r e l a t i v e l y  l a r g e  amounts onto hydrous aluminum oxide  coa t ings  

of mineral c o l l o i d s .  Adsorption was found t o  decrease  with an i n c r e a s e  

i n  concent ra t ion  of  NaCl in  s o l u t i o n .  This  decrease  may be a t t r i b u t e d  

t o  the.  f l o c c u l a t i o n  r e s u l t i n g  from p o l y e l e c t r o l y t e  binding of  t h e  c l a y  

p a r t i c l e s  and a  consequent decrease  i n  adsorp t ion  s i t e s .  

3.3.1.4.3 Selenium 

Perhaps bccausc sclcnium a l s o  bchavcs a n i o n i c a l l y ,  many of t h e  



investigations on arsenic also include selenium. In the studies of 

Griffin and Shimp (1978) and Frost and Griffin (19.77), Se(1V) was 

found to behave much 1 ike As(V) , attaining a maximum adsorption in the 

vicinity of the zero point of charge for the clay. This was assumed 
- 

to be due to the distribution of HSe03 with respect to pH. Korte 

et a1 . (1976) also studied selenium and found adsorption to be cor- 
related with soil clay content. Griffin and Shimp (1978) concluded 

that the principal adsorption mechanism was anion exchange of the 
- 

monovalent species, HSe03 . They also suggest that the relative mobility 

of this element in alkaline conditions presents a potentially high pol- 

l ution hazard. 

3.3.1.4.4 Mercury 

Mercury is found in the environment in three oxidation states, 

namely HgO, Hg2'+ and Clg2+. In an investigation into the effects o f  pH 

and chloride concentration (pC1) upon soil irptake o f  rnercury, Hahne and 

Kroontje (1973) observed that mercur.y takes on a number of hydrolized 

forms at low pH and soluble chloride complexes at low chloride concen- 
. . 

trations. They found the retention of Hg(I1) by the three major clay 

types (montmorillonite, kaolinite and illite) to be negligible, indi- 

cating a high mobility of Hg(I1) in soil systems. MacNaughton and James 

(1974) measured adsorption of Hg(1I) onto Si02 particles, finding a pH 

dependence. Adsorption was found to increase rapidly with pH above a 

critical value (a1 though never showing greater than a 60"/,r111oval Prorn 

the solution). This critical pH value further depended upon the chloride 

concentration becoming greater as the C1' concentration increased. Above 

a second critical value, however, adsorption dropped off'again. Since 



t h e  dominant Hg( I1 )  spec ies were thought  t o  be Hg(0H): and HgC1 g, e l ee -  

t r o s t a t i c  phenomena were r u l e d  o u t  as impo r tan t  b i n d i n g  medhani sms; 

i ns tead ,  chemical f r e e  energy was i n t e r p r e t e d  as c o n t r o l l i n g  a d s o r p t i o n  

a long  t h e  l i n e s  o f  t h e  model o f  James and Healy  (1972).  Through a  s o i l  

column s tudy  o f  a t t e n u a t i o n  and uptake o f  mun ic ipa l  waste leacha te ,  
. . 

F u l l e r  (1978) determined mercury t o  be modera te ly  t o  h i g h l y  mob i l e  i n  a  

v a r i e t y  o f  s o i l  t ypes  c o n s t i t u t i n g  t h e  most mob i l e  o f  t h e  many t r a c e  

elements i n v e s t i g a t e d  i n  t h a t  s tudy.  I n  c o n t r a s t  t o  t h e  preceding i n -  

v e s t i g a t i o n s  which suggest t h a t  mercury i s  n o t  v e r y  e f f e c t i v e l y  r e t a i n e d  

by s o i l s ,  G r i f f i n  and Shimp (1978) r e p o r t  observ ing  s i g n i f i c a n t  uptake 

of  mercury by c l a y  p a r t i c l e s .  T h i s  s tudy  conc luded t h a t  c a t i o n  exchange 

was t h e  mechanism o f  adso rp t i on  and t h a t  r o u g h l y  t w o - t h i r d s  o f  t h e  

mercury was o f  o rgan i c  form. The exper iments  were f lawed,  however, due 

t o  inadequate c o n t r o l  of mercury losses  i n  t h e  apparatus. 

3.3.1.4.5 Lead 

'Gadde and L a i t i n e n  (1974) measured t h e  a d s o r p t i o n  o f  Pb ( I1 )  on to  

hydrous ox ides  o f  i r o n ,  manganese and aluminum. They found l e a d  t o  be 

most  s t r o n g l y  adsorbed f o r  h i g h  va lues of pH and no ted  s i g n i f i c a n t  l e a d  

adso rp t i on  f o r  pH's  below t h e  hydrous o x i d e  zero  p o i n t s  of charge ( f o r  

hydrous f e r r i c  o x i d e  t h i s  ZPC i s  about 8 .5 ) .  They concluded t h a t  s i n c e  

adso rp t i on  o f  l e a d  i ons  was accompanied by a  pH dependent r e l ease  o f  

hydrogen i ons  (1 .6  hydrogen i ons  a t  a  pH of 6  and 1.3 hydrogen i ons  a t  

a  pH o f  5 )  t h e  adso rp t i on  was a  s p e c i f i c  replacement o f  weakly a c i d  p ro tons  

by aquated pb2+ o r  P ~ O H +  r a t h e r  than  a  "gene ra l i zed  coun te r  i o n  process 

such as c o u l d  occur  on a c o l l o i d  o f  oppos i t e  s i gn . "  App rec iab le  ad- 

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



a d s o r p t i o n  on hydrous manganese ox ide .  G r i f f i n  and Shimp (1976, 1978) 

hypothes ized t h a t  t h e  uptake of  l e a d  by c l a y  p a r t i c l e s  i s  governed by  

t h e  c a t i o n  exchange process b u t  i n f l uenced  by  t h e  f o rma t i on  o f  PbCO 

p r e c i p i t a t e s  and pH dependent h y d r o l i z e d  l e a d  spec ies.  Lowest l e a d  up- 

t a k e  was assoc ia ted  w i t h  adso rp t i on  . . o f  pb2+ f o r  a c i d i c  c o n d i t i o n s ;  

h i g h e s t  a d s o r p t i o n  o f  l e a d  was assoc ia ted  w i t h  t h e  e v o l u t i o n  o f  severa l  

h y d r o l i z e d  l e a d  spec ies  a t  pH above 6. G r i f f i n  and Au (1977),  n o t i n g  

t h a t  exper imenta l  r e s u l t s  showed ca l c i um i o n s  ( f rom Ca(ClO,),) t o  com- 

p e t e  w i t h  l e a d  c a t i o n s  f o r  exchanqe adso rp t i on  s i t e s ,  found a "competi- 

t i v e "  Langmuir model t o  be a p p r o p r i a t e  f o r  p r e d i c t i n g  adso rp t i on  t r ends .  

F u l l e r  (1978) found t h e  uptake o f  l e a d  by  severa l  Western s o i l s  t o  be 

exceeded o n l y  by  copper,  and e l u t i o n  s tud ies  showed t h a t  sorbed l e a d  

was n o t  e a s i l y  desorbed by wate r ,  Lead uptake was most c l o s e l y  assoc i -  

a t e d  w i t h  s o i l  t e x t u r e ,  w i t h  f i n e - t e x t u r e d  s o i l s  p r o v i d i n g  t h e  lowes t  

l e a d  mob i l  i z a t i o n .  

3.3.1.4.6 Z inc 

E a r l y  s tud ies  i n t o  t h e  exchangeabi l  i t y  o f  Zn i n  s o i l s  revea led  

t h a t  exchangeable Zn was adsorbed by  c l a y  m ine ra l s  i n  q u a n t i t i e s  ex- 

ceedi  ng t h e  ca l c i um exchange c a p a c i t y  ( E l  gaba ly  and jenny, 1943; 

DeMumbrum and Jackson, 1956a ,b). I n  p a r t i c u l a r  E l  gabaly  and Jenny 

measured uptake o f  z i n c  and c h l o r i d e  and re l ease  o f  ca l c i um and sodium 

and t h e  r e l e a s e  of  z i n c  and uptake o f  ca lc ium,  sodium and c h l o r i d e  

f r om v a r i o u s  b e n t o n i t e  c l a y s .  Two impo r tan t  obse rva t i ons  a re :  

1) the  c h l o r i d e  adso rp t i on  r e q u i r e s  a  spec ia l  exp lana t i on  which r e s u l t s  

i n  a  surface mosaic model f o r  t h e  c l a y  sur face ,  and 2 )  t h e  pH o f  t h e  

s o l u t i o n  determines t h e  i o n i c  forms o f  t h e  c o n s t i t u e n t s  and hence 



influences the  adsorption. 

In l a t e r  work, Gri f f in  and Shimp (1978) viewed the  uptake of zinc 

as  being principal l y  control 1 ed by ion exchange and prec ip i t a t ion  mecha- 

nisms. In t h e i r  s o i l  column study,  zinc was adsorbed from a municipal 

leachate in quan t i t i e s  proportional t o  the  cat ion exchange capacity 

(CEC). As the pH was increased, the  z inc  was p rec ip i t a ted  and adsorbed 

by the clays.  In another column study cat ion exchange capacity was not 

well corre la ted with adsorbed quan t i t i e s  of z inc;  ins tead,  clay surface 

area and f r ee  iron oxide content provided the  best  cor re la t ion  with 

adsorption (Korte e t  a l . ,  1976). This same r e s u l t  was corroborated by 

Artiola and Ful ler  (1979) and seems t o  support the hydrous oxide t r a c e  

metal control model suggested by Jenne (1968). Gadde and Laitinen 

(1974) found t h a t  zinc adsorption onto hydrous manganese and iron oxides 

increases with increasing pH b u t  evidently revers ibly  desorbs as the  

solut ion pH i s  subsequently lowered. 

3.3.1.4.7 Copper 

Some of the  ea r ly  s tudies  on zinc exchangeability included copper '  

(DeMumbrum and Jackson, 1956a,b) and the  res,ul ts  a r e  s im i l a r ,  i  .e.  

copper adsorption appears t o  exceed the  desorption of major cat.iuns. 

Menzel and Jackson (1950) found t h a t  roughly f i f t y  percent of t he  

copper adsorbed onto the crys ta l  l a t t i c e  of c lay  pa r t i c l e s  was in 

the  form of C U ( O H ) + ,  even though copper i n  solut ion was predominantly 

c u 2 + .  This i s  explained by the hydrolysis  of c.u2+ a f t e r  adsorption 

in the  bivalent  form. They fu r t he r  suggested t h a t  t h i s  incorporation 

in to  the  c rys ta l  s t ruc tu re  was primarily a mode of i r r eve r s i b l e  adsorp- 

t ion .  Griffen and Shimp (1978) included copper in t h e i r  so i l  column 



study- and found t h a t  t h e  adsorp t ion  by c l a y s  increased w i t h  pH up t o  

approx imate ly  6.5. A t  pH's above 7.0 t he  adso rp t i on  decreased apparent ly  

due t o  t h e  d i s s o l u t i o n  of Cu(OH), p r e c i p i t a t e .  As f o r  zi'nc, they  viewed 

uptake t o  be a  combinat ion of i o n  exchange and p r e c i p i t a t i o n .  They 

c i t e d  i o n i c  compe t i t i on  as p revent ing  s o r p t i o n  i n  q u a n t i t i e s  equal t o  

t h e  CEC. Hemstock and Low (1953) observed t h a t  copper s a l t s  were e f -  

f i c i e n t  i n  e x t r a c t i n g  manganese i n  o rgan ic  combinat ion by v i r t u e  o f  t h e  

f a c t  t h a t  t h e  c u p r i c  i o n  rep laced t h e  manganese i n .  t h e  organ ic  che la te  

compl exes. 

3.3.1.4.8 Cadmium 

According t o  G r i f f e n  and Shimp (1378) t h e  mobi l  i t y  o f  cadmium i s  

dependent upon s o l u t i o n  pH, i o n i c  s t reng th ,  and c a t i o n  exchange capac i t y  

a t  pH near 6. A t  h i ghe r  pH values,  p r e c i p i t a t i o n  becomes i n c r e a s i n g l y  

impor tan t .  I n  t h e i r  s tudy Cd was adsorbed from mun ic ipa l  l a n d f i l l  

l eachate  i n  q u a n t i t i e s  p ropo r t i ona l  t o  t h e  CEC. I o n i c  compe t i t i on  pre-  

vented t h e  s o r p t i o n  q u a n t i t y  f rom e q u a l l i n g  t h e  CEC. As t h e  pH was 

increased, Cd was i n c r e a s i n g l y  adsorbed by c lays .  

Kor te  e t  a1 . (1976) had c o n t r a d i c t o r y  r e s u l t s  and found t h a t  CEC 

was no t  w e l l  c o r r e l a t e d  w i t h  adsorbed Cd. Clay sur face area and f r e e  

i r o n  ox ide conten t  were w e l l  c o r r e l a t e d  ( R ~  = 0.94) w i t h  q u a n t i t i e s  

o f  Cd adsorbed. I n  an associated study, A r t i o l a  and F u l l e r  (1979) con- 

f i r m  these r e s u l t s  and f i n d  i n  them suppor t  f o r  t he  hydrous ox ide  t r a c e  

metal  c o n t r o l  model of Jenne (1968). Gadde and L a i t i n e n  (1974) found 

t h a t  cadmium adsorp t ion  onto hydrous manganese and i r o n  ox ide  increases 

w i t h  i nc reas ing  pH and e v i d e n t l y  r e v e r s i b l y  desorbs as t h e  s o l u t i o n  pH 

i s  decreased. G i l b e r t  e t  a;. (1976) c o n t r a s t  these f i n d i n g s  by 



suggesting t h a t  t h e r e ' i s  no s i g n i f i c a n t  chemisorption of Cd onto hydrous . 

. . .  . 
manganese oxides near  t h e  ZPC.  

3.3.1.4.9 Barium 

Barium i s  chemically s i m i l a r  t o  calcium although much l e s s  abundant. 

I t  has been found t o  replace potassium ( a s  might be expected on the  

bas i s  of valence a lone)  in some igneous rock minerals (Hem, 1970). The 

Ba(OH), form i s  water so lub le ,  but BaC03 and BaS0, a r e  not .  . Barium has 

been found t o  form q u i t e  s t a b l e  complexes with t h e  o rgan icsmat t e r  i n  

peat (Theis e t  a1 . , 1982). Hem (1970) maintains t h a t  t h e  low occurence 

of barium in natural  waters i s  due t o  t h e  low s o l u b i l i t y  of EaSO,, 

t he  most common mineral form. The sol ubil  i t y  of barium i s  increased '  

.by the  presence of ch lo r ide  and o.ther anions and c a t i o n s  in  d i l u t e  

,sol u t  ion. 

3.3.1.4.10 S i l v e r ,  Nickel,  Vanadium, and Beryllium 

The adsorpt ion and co -p rec ip i t a t ion  of s i l v e r  onT:o hydrous f e r r i c  

oxide was inves t iga ted  by Dyck (1968),  who modeled t h e  uptake in  terms 

of Freundl ich adsorpt ion isotherms. The model adequately f i t s  the  da ta ,  

and the  study revealed a  s t rong pH dependence with s i l v e r  uptake in-  

creasing with pH. Fu l l e r  (1978) determined t h a t  r e t en t ion  of c a t i o n i c  ' 

nickel by several western s o i l  s  was most highly c o r r e l a t e d  with t o t a l  

sur face  area  and ca t ion  exchange capac i ty .  Also, ani,onic vanadium demon- 

s t r a t e d  a  high c o r r e l a t i o n  .wi th  t o t a l  c l ay  content ' ,  and beryl 1  ium r e t e n t i o n  

showed an a s soc ia t ion  with the  c lay  content  and s o i l  sur face  a r e a .  

3.3.1.5 Organic Materials  

I t  i s  a  documented f a c t  t h a t  organic matter  plays a  r o l e  in t h e  



movement of metal ions through s o i l s .  The addit ion of organic acids  

(such a s  might be associated with.municipa1 landf i l l  operations) t o  

s o i l s  can 1  ead t o  t he  formation of soluble and insoluble metal chela tes  

(Norvell and Lindsay, 1969; Lindsay and Norvell , 1969; Lahav and Hochberg, 

1975). Organic acids  and compounds a l s o  occur natural ly  in  s o i l s ,  par- 

t i c u l a r l y  t h e  podzols (a soi l  group characterized by mats of organic matter 

in the  surface l ayer  and thin  horizons of organic minerals overlying gray, 

1 eachcd horizons and dark-brown i l l  uvial horizons; found in coal furses t s  

and in temperate coniferous o r  mixed f o r e s t s ,  as  the  r e s u l t  of the  decay 

of leaf  and fo r e s t  mat te r ) ,  can contr ibute  t o  . the  mobility of metal ions 

in the  soil  (Stevenson and Ardakani , 1972). Norvell (1972) presents a  

summary of chela,te s t a b i l i t y  re la t ions  a s  a  function of pH f o r  numerous 

metal ions, including Mg, C u ,  Fe, A1 , Mn, C u ,  Z n ,  as  well as  Ca. In- 

creasing pH can lead t o  dissolution of iron and aluminum che la tes ,  favoring 

the  formation of magnesium and calcium chela tes .  Copper and manganese 

may be strongly chelated in a1 kal ine s o i l s .  

3.3.2 Specific Column Studies 

The a t tenuat ion propert ies of s o i l s  a r e  usually determined by the  

slow percolation of leachates through so i l  t e s t  columns. Generally 

the  inf luent  and e f f luen t  t race  element concentrations a r e  measured t o  

determine t h e  amount of at tenuation a t t a ined  f o r  each ion species. These 

s tud ies  may emphasize the  elements which a r e  e luted from the s o i l s  by 

the  leaching solut ions  (e .g . ,  Korte e t  a1 . , 1975) o r  the t r ace  metals 

i n i t i a l l y  present in the  leachate which f i n a l l y  penetrate the  so i l  column, 

as in Korte e t  a l .  (1976), Ful ler  and Korte (1976) and Gr i f f in  e t  a l .  

(1976). Artiola and Fuller  (1979, 1980) have investigated the additional 



at tenuat ion  capacity fo r  municipal l eacha te  provided by the  use of 

a  1  imestone 1  i n e r .  

In the  experiments of Artiol a  and Full e r ,  Full e r  e t  a1 . , and Korte 

e t  a l .  the  columns were exposed t o  the  flowing leachate  f o r  approximately 

one month which provided a  dose of 15 t o  20 pore volumes of leachate  

through the  column. The so i l  pore volume was determined using a  technique 

developed by Heilman e t  a l .  (1965). E s s e n t i a l l y ,  leaching was continued 

unt i l  one of three  c r i t e r i a  was a t t a i n e d :  

1 )  e f f l u e n t  concentrat ion = i n f l u e n t  concentrat ion (breakthrough) 

2) e f f l u e n t  not changing and a t  a  concentrat ion l e s s  than t h a t  of 

the  in f luen t  (s teady s t a t e ) ,  o r  

3 )  contir~ued absence o f  the  element a f t e r  1  eaching. 

Typical curves f o r  C / C o  a re  shown in Figure 3-2, where C = e f f l u e n t  

t r a c e  element concentra t ion ,  and Co = the  i n f l u e n t  t r a c e  element concen- 

t r a t i o n .  In t h i s  f i g u r e  nickel portrays the  f i r s t  c r i t e r i a  (breakthrough),  

beryllium the  second (s teady s t a t e )  and selenium the  t h i r d .  

In a  s i m i l a r  s tudy,  Gr i f f in  and Shimp (1978) conducted s o i l  co,lumn 

experiments with p a r t i c u l a r  emphasis on the  e f f e c t s  of c lay  l i n e r s  on 

pol lu tant  a t t enua t ion .  The columns were operated a t . l i q u i d  f luxes which 

required from 6-10 months t o  percolate 15 pore vol umes. 

Gr i f f in  and Shimp developed an index of a t tenuat ion  (ATN)  which 

quan t i f i e s  the  a t tenuat ion  a b i l i t y  of d i f f e r e n t  s o i l s  f o r  t r a c e  elements. 

The a t tenuat ion  index i s  a  measure of how much of the  t r a c e  element has 

been re ta ined in  the  s o i l  a f t e r  ten pore volumes have passed through the  

sample. With reference to  Figure 3-3, i f  one considers  t h e  area A under 

the  a t tenuat ion  curve as a  quant i ty  proportional t o  the  amount of t r a c e  

element not r e t a ined ,  then the  amount of material  re ta ined i s  proportional 
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to  the quantity 10-A. The relat ive attenuation then may be expressed 

by the parameter ATN,  v iz:  

The use of t h i s  parameter, A T N ,  allows for the ranking of each trace 

element with regard to  the attenuation of a  given soil  for tha t  particular 

element. The resul ts  shown in Table 3-2 i l l u s t r a t e  an application of ATN 

in ranking chemical trace elements from municipal leachate flowing through 

a  clay mineral column (Griffin and Shimp, 1978). In t h i s  ranking, moderate 

t o  highly mobile species were characterized by attenuation numbers l e s s  

than 50%, and the re1 at ive immobile species by attenuation numbers above 

95% (e.g. P b ,  Z n ,  Cd, H g ) .   hose species eluted from the clay with con- 

centrations exceeding the influent are characterized by negative attenuation 

Table 3-2.  Rank o f  chemical Constituents in Municipal 
Leachate According to  Relative Mobil i t y  
Through Clay Mineral Columns.  r riff in and 
Shimp, 1978) 

Mean P r i n c i p a l  
C hemi ca 1 at tenuat ion a t tenua t ion  ~ e l a t i v e :  

cons t i tuen t  number mechanism t m b i l i  ty. 

Pb . 99.8 Preci p i  t a  tion/Exchange 
Zn 97.2 Prec ip i  tation/Exchange 
Cd 97.0 Prec ip i  tation/Exchange 
Hg 96.8 Prec ip i  tation/Exchange 

Fe 58.4 Oxida t ion-Reduction 
S i 54.7 ----- 
K 38.2 Cation Exchange Moderate 

37.1 .Cation Exchange 
29.3 Cat ion Exchange 

COD 21.3 Microbi a1 Degradation 
Na - 15.4 Cat ion Exchange High 
C 1  10.7 Dispers ion 

-11.8 A r t i f a c t ?  
-95.4 E l u t i o n  from Clay R:: :$::, 

-656.7 Exchanged fmm Clay 



numbers. Also determined in th i s  study was the dependence of attenuation 

a b i l i t y  upon the clay type. The performance of the three basic clay 

types i s  summarized in Table 3 - 3 .  The overall ranking of each clay type 

from greatest  t o  l e a s t  attenuation a b i l i t y  was determined t o  be: 

montmorillonite > i l l  i t e  > kaolinite 

The soil  and leachate pH values were found to a f fec t  precipitation mech- 

anisms, with attenuation increasing with pH. 

Table 3-3 .  Mean Attenuation Number (ATN) o f  Selected 
Constituents Found in Municipal Leachates for  
Three Clay Minerals;  r riff in and Shimp, 1978) 

Mean ATN 
Chemical A1 1 

cunst i  tuen t Mo~rtrnor i l loni te  I l l i t e  Kaol i n i t e  columns 

'Underlined mans  a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  (0.05). 
tMinus numbers i n d i c a t e  e l u t i o n .  



G r i f f i n  and Shimp a l s o  proposed t h e  use o f  a hazard r a n k i n g  index  

expressed by: 

where: R = hazard r a n k i n g  f a c t o r  

H I  = hazard index  

C 
HI = - (loo-ATN)  DWS 

Q = annual p roduc t i on  o f  e lement 

DWS = d r i n k i n g  wate r  s tandards o r  o t h e r  
a p p r o p r i a t e  s tandard  

Table  3-4 l i s t s  t h e  r e l a t i v e  hazard (based upon t h e  Federal  d r i n k i n g  water  

s tandards )  posed by each o f  t h e  elements i n  t h e  mun i c i pa l  l eacha te  i n v e s t i -  

gated by G r i f f i n  and Shimp. 

TABLE 3-4. Chemical C o n s t i t u e n t s  i n  Dupage Leachate,  
Ranked Accord ing t o  P o l l u t i o n  Hazard. 
( G r i f f i n  and Shimp, 1978) 

Cherni c a l  E f f e c t i v e  c o n c e n t r a t i o n  Hazard  
c o n s t i t u e n t  O.W. s tandard  i n d e x  

NHu 

B 

COO 

"9 

C  1 

Ca 

Cd 

Fe 

Na 

Mn 

K 

M9 

P h  

Zn 

S i  

' ~ c t u a l  v a l u e  n o t  e s t a b l i s h e d  by  EPA; t h e r e f o r e  i t  was assumed 
l u  be L l ~ e  jallle a j  c l i l o l ' i d e .  



Mil 1  i  gan and Ruane (1980) conducted a  major research ef for t  addressing 

power plant sol id waste disposal which specif ical ly  concerns the 1  eaching 

of scrubber sludge and f l y  ash buried in northeastern Alabama and eastern 

Tennessee. In t h i s  study, ash leachate samples were obtained from ground- 

water sampling wells and were found to  be mildly acidic and t o  contain 

quant i t ies  of Al, Be, Cd, Ca, Cr, C u ,  Fe, Pb ,  Hg, Ni, Se and Z n ,  B ,  sulfide 

arid su l fa te .  The leachate was used in columnar studies which involved 

re la t ive ly  high l iquid flux values -- superficial  veloci t ies  -1.3 mlday. 

Leachate flow was maintained through thc soil  until the calcium excliange 

capacity (determined by calculation) of the soil was theoretically ex- 

ceeded. I t  was determined tha t  ion exchange could n o t  be a  major attenua- 

t ion mechanism in these experiments; b u t  that  the governing phenomena were 

precipitation and adsorption by hydrous oxides of a1 uminum, iron and 

manganese. 

Milligan and Ruane (1380) thus emphasized the controversy regarding 

the dominant attenuation mechanisms, The many conflicting conclusinns 

of  other researchers further emphasize the controversy: Griffin e t  a1 . 

(1978) concluded that  for P b ,  Cd, Hg and Z n ,  precipitation in the soil  

column surface layer appeared t o  be the principal attenuation mode; Fetter 

(1977) reasoned tha t  heavy metals primarily were attenuated by ion ex- 

change mechanisms; Fuller (1977) specif ical ly  noted that  ion exchange 

cannot bind metal ions indefinitely and that  eventual migration from the 

exchange s i t e  i s  inevitable;  and Leeper (1972) claimed adsorption reactions 

with hydrous metal oxides to  be major attenuation reactions. 



SECTION 4 

DISPOSAL SOILS 

Although s t r i p  mine s p o i l  may be d i v i d e d  i n t o  the  two ca tegor ies  

o f  topso i  1  and overburden, t h i s  'discussion focuses on overburden because 

i t  i s  p r i m a r i l y  used i n  the  d isposal  o f  power p l a n t  so l  i d  wastes. A  

t y p i c a l  disposal scheme invo lves  p lac ing  ash i n  a  mined p i t  w i t h  occasional 

i n t e r l a y e r i n g  o f  t h e  ash w i t h  overburden t o  provide some s t r u c t u r a l  

s t a b i l i t y .  The amount o f  i n t e r l a y e r i n g  i s  v a r i a b l e  and dependent upon 

cu r ren t  min ing opera t ion  needs. The p i t  i s  c losed by p lac ing  a  f i n a l  

cover ing o f  overburden fo l lowed by an a p p l i c a t i o n  o f  t o p s o i l .  The ac tua l  

chemical na ture  o f  t h e  t o p s o i l  has 1  i t t l e  i n f l uence  on t h e  uptake processes 

o f  t h e  s o i l s .  

4.1 PROPERTIES OF DISPOSAL SOILS 

The p a r t i c u l a r  physical  and chemical p roper t i es  o f  s o i l s  t o  be 

used i n  the  d isposal  o f  coal ash wastes w i l l  be s i t e  s p e c i f i c .  Cer ta in l y ,  

v a r i a t i o n  i s  expected between the  res idua l  s o i l s  o f  t h e  uplands and the  

a l l uv ium of the  f l o o d  p la in .  Although both may share t h e  same parent  

ma te r ia l ,  d i f f e r e n t  processes have in f l uenced  the  s o i l  development. With 

respect  t o  t h e  l e n g t h  scales associated w i t h  t h e  chemical v a r i a b i l i t y  o f  

s o i l s  i n  a  g iven geographical region, Connor, K e i t h  and Anderson (1976) 

repor ted  t h a t  there  was no s i g n i f i c a n t  v a r i a t i o n  i n  t r a c e  element concen- 

t r a t i o n s  a t  d is tances greater  than 35 km i n  t h e  Green River  Basin. Most 

o f  t h e  v a r i a b i l i t y  was noted t o  be associated w i t h  scales o f  0.3 t o  4.5 km, 

which suggests t h a t  environmental parameters may need t o  be averaged over 
\ 

t he  area o f  a  mine. 



4.2 WESTERN SOILS 

Western s o i l s  have the po ten t i a l  f o r  being a r i d  and a1 ka l i ne  

(Ful l e r ,  1975) and a re  general ly  very d i f f e r e n t  than the soi  1s found 

i n  the  eastern states.  The map i n  Figure 4-1 ou t l i nes  the areas where 

the a r i d  s o i l  c l a s s i f i c a t i o n  i s  appropriate i n  North America. Essen- 

t i a l l y  the e n t i r e  western United States - inc lud ing  Wyoming, Colorado, 

2 = Calctorlh~ds - Paleorlhtds - Orthents 

2 = Ustlnsammenls 
3 ; Torrtorthe~ls - Haplarg~ds - Natrarghds 
4 = Tornfluvents - Salorlh~ds 
5 Twr~otthents - Xerochrepts Durtxenlls 

a 2 .- Csluustolts - Ustochrepts - Paleustalls 
3 Arg~uslolls - Paleustolls - Hapluslolls 
4 Arg~boiolls - UStorlhents - Nalrtburolls 
5 Haplu$toll!, - Cslctus~utls T u ~ ~ t u t l l ~ ~ i ~ l d  

Figure 4-1. Ar id-region Soi ls  o f  North America, Polar So i l s  
Not Shown. (Dregne, 1976) 

Utah, Montana and the Dakotas - i s  characterized by the various types 

o f  ar id- reg ion soi  1s. The Texas l i g n i t e  be1 t does not  fa1 1 e n t i r e l y  

w i t h i n  t h i s  a r i d  reg ion and, i n  some areas, may be t t e r  be described 

as possessing subhumid t o  humid type so i l s .  



4.2.1 Texas L i g n i t e  Region 

4.2.1.1 Gibbons Creek Mine 

The Texas M u n i c i p a l  Power A u t h o r i t y  went  on-1 i n e  w i t h  a  1  i g n i t e -  

f i r e d  power p l a n t  i n  e a r l y  1983. L o c a t e d  n e a r  t h e  sma l l  community o f  

C a r l o s  i n  Grimes County,  Texas, t h e  p l a n t  has a  g e n e r a t i n g  c a p a c i t y  o f  

400 MW and w i l l  consume 2.7x106 t o n s  o f  l i g n i t e  p e r  y e a r .  The s t r i p  

m i n i n g  p rocedure  i s  t h e  c o n v e n t i o n a l  b l o c k  c u t  method, and t h e  d i s p o s a l  

method f o r  combust ion  p r o d u c t s  i s  an i n t e r b e d d e d  o r  l a y e r e d  s p o i l  

p rocedure .  

The ove rbu rden  a t  a l l  dep ths  has m a t e r i a l  f r o m  t h e  t h r e e  g r a d a t i o n  

c l a s s e s  (sand,  s i l t  and c l a y ) ,  and t h e  f r a c t i o n s  o f  each v a r y  c o n s i d e r a b l y .  

A  l a r g e  number o f  c o r e  samples (Texas R a i l  r o a d  Commission, 1981a) have 

been t a k e n  f rom t h e  overburden i n  t h e  mine a r e a  a t  dep ths  o f  13-200 f t  

and t h e  r e s u l t s  o f  a n a l y s i s  showed t h e  minimum and maximum v a l u e s  o f  

sand c o n t e n t  t o  be 2 .1  and 98.5 p e r c e n t .  The maximum c l a y  c o n t e n t ,  

w h i c h  i s  a s s o c i a t e d  w i t h  t h e  c o r e  w i t h  minimum sand c o n t e n t ,  was 79.7 

p e r c e n t .  C l a y  and s i l t  i n  t h e  c o r e  w i t h  95.8 p e r c e n t  sand were 2.9 

and 1 . 3  p e r c e n t ,  r e s p e c t i v e l y .  A  compos i te  c l a s s i f i c a t i o n  o f  c l a y  o r  

c l a y  loam p r o v i d e s  an o v e r a l l  e s t i m a t e  o f  s o i l  t e x t u r e .  

The range  o f  e q u i l i b r i u m  o x i d i z e d  pH i s  f r o m  2.7 t o  7.93,  i n d i -  

c a t i n g  t h a t  t h e  s o i l  i s  g e n e r a l l y  a c i d i c ,  a  c o n d i t i o n  t o  be expec ted  

i n  a  subhumid r e g i o n  such as  t h e  Eas t  Texas G u l f  Coast .  The l a y e r s  

wh ich  have pH v a l u e s  l e s s  t h a n .  4.5 g e n e r a l l y  have c o n c e n t r a t i o n s  o f  

p y r i t i c  s u l  f u r  exceed ing  0.2 p e r c e n t .  There a r e ,  however, o t h e r  sou rces  

o f  a c i d i t y  wh ich  a r e  i n d i c a t e d  by t h e  l o w  s u l f u r  c o n t e n t  o f  some a c i d i c  

l a y e r s .  A l so ,  samples from some o f  t h e  l a y e r s  w i t h  h . iqh  p y r i t e  



c o n c e n t r a t i o n s  do n o t  o x i d i z e  t o  a c i d ,  s u g g e s t i n g  t h e  presence o f  

n e u t r a l i z i n g  m a t e r i a l .  

Ca lc ium,  sodium, potass ium,  magnesium, c h l o r i d e ,  and s u l  f a t e  ap- 

p e a r  i n  t h e  o v e r b u r d e n  samples. Carbonate  and b i c a r b o n a t e  were d e t e c t e d  

i n  o n l y  two  c o r e s ,  and showed c a r b o n a t e  v a l u e s  o f  100-200 mglkg w h i l e  

b i c a r b o n a t e  v a l u e s  were r e c o r d e d  a s  l e s s  t h a n  100 mg lkg  t o  a  h i g h  o f  

800 mglkg.  Ca lc ium and sodium w h i c h  a r e  t h e  most  p r e v a l e n t  exchangeable 

c a t i o n s ,  typically average on t h e  o r d e r  o f  10 and 2 meq1100 g  respec -  

t i v e l y  i n  each c o r e .  The base s a t u r a t i o n  v a l u e s  range  f r o m  a  l o w  o f  20 

p e r c e n t  t o  g r e a t e r  t h a n  100 p e r c e n t  (where excess c a l c i u m  i s  p r e s e n t ) ,  

a l t h o u g h  most  v a l u e s  a r e  n e a r  50 p e r c e n t .  

For  i l l u s t r a t i v e  purposes,  p a r t i a l  d a t a  f r o m  a  sample c o r e  (Core  

Number 3534EE) t a k e n  f r o m  t h e  Grimes County  mine a r e  shown i n  T a b l e  

4-1.  T h i s  p a r t i c u l a r  c o r e  i s  r e a s o n a b l y  r e p r e s e n t a t i v e  o f  t h e  a rea  

w i t h  one n o t a b l e  e x c e p t i o n :  a t  a l l  samp l ing  l e v e l s  t h e  pH i s  some- 

what more a c i d i c  t h a n  t h e  average c o r e .  The c l a y  f r a c t i o n  v a r i e s  

from 9 t o  31 p e r c e n t ,  t h e  c a t i o n  exchange c a p a c i t y  ranges f r o m  6 t o  , 

4 1  meq1100 g, t h e  exchangeab le  c a l c i u m  and sodium average 2.7 and 1 .9  

meq/100 g ,  r e s p e c t i v e l y ,  and t h e  p e r c e n t  base s a t u r a t i o n  v a r i e s  f r o m  2 1  

t o  92 p e r c e n t .  A r s e n i c  l e v e l s  were n o t e d  t o  be i n  t h e  mglkg range and 

t h e  c o n c e n t r a t i o n  o f  se len ium was be low t h e  minimum d e t e c t a b l e  l e v e l  

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

T e s t s  were pe r fo rmed  on t h e  ove rbu rden  t o  d e t e r m i n e  t h e  concen- 

t r a t i o n s  o f  14 t r a c e  e lements .  W i t h  r e f e r e n c e  t o  T a b l e  4-2, t h e  

h i g h e s t ,  second h i g h e s t ,  l o w e s t  and second l o w e s t  r e c o r d e d  concen- 

t r a t i o n  f o r  each e lemen t  a r e  n o t e d  t o g e t h e r  w i t h  t h e  d e p t h  a t  w h i c h  

t h e  e v e n t  occu red .  A l s o  g i v e n  a r e  t h e  w e i g h t e d  averages ( w e i g h t e d  



Table 4-1. Overburden C h a r a c t e r i s t i c s  f rom a S ing le  Core (Core 3534 EE) 

a t  Gibbons Creek Mine. (Texas Ra i  1 road Commission, 1981a) 

T e l c t u r e  A c i d i t y  E l e c t r i c a l  Solub le  
Oepthf E q u i l i b r i u m  Equiv. c ~ c O '  Conduc t i v i t y  Sa l t s  

( f t )  %'Sand % S i l t  % Clay USOA pH nteq/lOOg mg/ kg mnihos/crn mg/L 

10.0-31.2 76.0 9.4 14.6 sandy loam 4.2 0.90 450 .5 320 

36.4-50.0 31 .O 10.0 8.8 loamy sand 4.5 0.89 445 .5 320 
o r  

sandy loam 

50.0-58.6 57.9 19.6 22.5 " sandy c l a y  2.8 23.08 11549 
loam 

58.9-60.0 69.2 12.4 18: 4 sandy loam 4.2 2: 18 1091 .5 320 

71.1-91 66.8 13.7 19.5 sandy loam 2.7 14.15 7081 
o r  sandy 

cl.ay loam 

91-102. 33.0 35.6 31.4 c l a y  loam 2.5 31.65 15838 

108-121.9 79.4 8.4 12.2 sandy loam 2.7 15.36 7686 2560 . 
126.4-136.6 38.0 31.1 30.9 c l a y  loam 2.7 29.09 14557 10.0 6400 ; 

142.9-145.7 16.6 54.3 29.1 s i l t y  c l a y  2.8 8.15 4078 8.0 5120 
1 oam 

- - 

Cat ion Exchange 
Capacity Exchangeable 

P e r c e i t  Base 
~ e p t h *  Equi v. ~a 2t Calcium Sodi um S a t u r s t i o n  Organic 

( f t )  meq/100g mglkg meq/ 1009 mg/kg nleq/100g ~ng/ kg Arsenic Boron Selenium Mat ter  
mg/kg mg/kg mq/kg Percentage 

10.0-31.2 7.96 1595 0 . i 5  30 2.63 605 47.24 0.8 0.4 <1.5 0.0 

36.4-50.0 5.75 1152 . 0.96 192 1.23 283 51.13 1.5 0.0 ~ 1 . 5  0.0 

50.0-58.9 11.56 2317 0.61 162 0.62 143 21.80 2.3 0.9 4 . 5  0.1 



Table 4-2. Se lec ted  Values and Weighted Means o f  Trace 

Elements i n  S o i l  Samples f rom Gibbons Creek Mine. 

(Texas Ra i l r oad  Commission, 1981a) 

Concentration, mg/kg 
(Depth, feet)  

AS B* ~ e * *  ~d C r  cu ~ g * *  

High 8.9 
(Depth) (10-18) 

Second 
High 5.3 7.5 1.5 1.3 8.4 16.1 <0.2 

(Depth) (30.5-31.4) (169.0-170.0) (29.4-37.4) (50-58.6) (30.5-31.4) (139-141) 

Second 
Low 0.2 0.0 .4 ~ 1 . 0  * 1.0 2.2 <0.2 

(Depth) (15.0-19.9) (58.9-60.0) (92-95) (92-95) (56-61) 
(60-64) 

Low 0.1 0.0 .4 ~ 1 . 0  1.0 1.9 <0.2 
(Depth) (110-115) (36.4-50.0) (53-58) Common (110-115) (58.9-60) 

Weighted 
Mean 2.07 1.01 .96 <O. &I! 4.95 6.11 cO.2 

t 

Concentratlun, n~y/kg 
(Depth, f e e t )  

Mn* MO* ~i ** Pb Se v'* Zn 

High 367.7 8.3 5.2 68.4 ~ 2 . 0  25.0 190.6 
(Depth) (102-108) (10.0-18.0) (37.4-54.2) (10.0-18.0) (10.0-18.0) (71.1-91.0) 

Second 
High 307.9 5.7 5.2 34.7 

(Depth) (10.0-12.9) (129.8-132.8) (18.0-28.5) (102-108) 
(25.4-28.8) 

heeond 
Low 17.2 ~ 2 . 0  2.1 5.0 

(Depth) (36.4-50) (29.4-37.4) (110-115) 

Low 14.1 <Z.U 2.0 4.0 s l ,  6 4.1 10.7 
(Depth) (58.9-60.0) Cnn~mon (92.0-95.0) (60.0-64.0) (92.0-95.0) (9-12.5) 

Wei(Jhtcd 
Mean 128 ~2.23' 

*sampled i n  8 o f  9 cores. X X ~ y  weighted thickness, 75 percent o f  
** Samplcd i n  3 o f  P cnrm nn ly .  

concent.rnt.ifins are recorded as c2.0 mg/kg. 

'concentrations reported as <1.0 r g / k g  were summed 'only values o f  <1.5 and e2.0 were 
3s 1.0 mgfkg. recorded. 



by depth of each tes ted  l aye r )  f o r  each element. Arsenic, f o r  example, 

was noted t o  have a  weighted mean of 2 m g l k g  while selenium was below 

detectable l eve l s .  In general ,  the mean concentration values of each 

element a r e  lower than l eve l s  which might be considered as  toxic  t o  

animal o r  plant  1 i f e .  

4.2.1.2 San Migual (Texas Railroad Commission, 1981b; Brown and Deuel, 
1979) 

The mine-mouth operation a t  the San Miguel Power Plant in Atascosa 

County, Texas, has a  generation capacity of 400 MW which i s  a l so  e s t i -  

mated t o  require a  consumption of 2.7x106 shor t  tons of l i g n i t e  per 

year.  

The topsoil in the mining s i t e  i s  characterized by a  ' texture  which 

includes a  s i l t y  clay loam, a  c lay  loam and a  c lay .  Depth of the top- + 

so i l  layers  extend from three  to  s i x  f e e t .  Most i s  calcareous with 

pH values greater  .than 7 ,  and a l l  contain s a l t  and show conductivity 

values o f ,  1  t o  7.4 mmhos/cm. 

With respect t o  the overburden, the  r e s u l t s  obtained from analys is  

of  three core samples a r e  presented in Table 4-3. The composite texture  

c l a s s i f i c a t i on  i s  c l ay ,  b u t  i t  i s  comprised of approximately 30 percent 

each fo r  sand and s i l t .  and 40 percent c lay .  Two of the cores showed 

near neutral pH values with base potent ia ls  of 0.23 and 1.04 rneq/100 g .  

One core was d i s t i n c t l y  ac id ,  with a  composite pH of 3.8 and an acid 

potential of 5.88 meq1100 g .  

Elect r ica l  conduct iv i t ies  of the overburden, - 6  mmhoslcm, suggest 

t ha t  the overburden i s  on the average about a s  s a l i ne  as the  surface 

s o i l s .  The exchangeable sodium percentage ( E S P )  var ies  from 12 to  

24 and the sodium adsorption r a t i o  ranges from 10 t o  23. The sa tura t ion 



ration percentages which have an overall value >I00 percent, re f lec t  

the influence of the excess sodium in the overburden. 

TABLE 4 - 3 .  Properties of Overburden from San Miguel 
Mine. (Brown and Deuel , 1979) 

Core Texture P o t e n t i a l  Exchangeable Sodi um 
Sand Si 1 t Clay USOA PH Acid Base S a l i n i t y  Sodium Adsorption 

Equiv .  CaCO3 Percentage Ra t io  
% % % paste 1:5 mglKg mmhos/cm mg/Kg (ESP ) (SAR) 

B296 24.3 31.2 44.5 clay 7.4 1.4 115 1.1 4928 18.9 16.9 

MK26 29.2 29.6 41.2 c l a y  3.8 4.7 2940 5.8 3712 11.8 10.3 

MI:45 28.9 29.8 41.3 c l a y  7.3 7.9 520 5.7 3648 24.3 22.7 

Overa l l  
near 

c l a y  neu t ra l  

- - 

Sa tu ra t ion  Organic 
Core Percentage Selenium Boron N i t rogen  Phosphorus Potassium Mat ter  

Overa l l  > 100 <O. 5 >3.0 4. 05 ~ 9 . 8  <2900 ~ 0 . 5  

The' nutrient level i s  low in phosphorous and nitrogen, while 

potassium i s  in a l l  cases greater than 2000 mg/kg. The trace metals 

which were reported, selenium and boron, show overall values of <0.5 

and >3.0. mg/kg., respectively. Except for layers near the l igni te  seams, 

the amount of organic matter i s  small , <0.5 percent. 



4.2.2 Campbell County, Wyoming 

The t o p s o i l  s  i n  Campbell County a r e  m o s t l y  r e s i d u a l  , formed f r o m  

weathered sed iments  o f  a  p a r e n t  m a t e r i a l  w h i c h  was p r i m a r i l y  sandstone 

and s h a l e  ( E v e r e t t ,  1979).  The predominant  t y p e s  i n c l u d e  sandy loam 

and loam s o i l s ,  f i n e  s o i l s  f r o m  c l a y  s h a l e ,  c o a r s e  s o i l s  f r o m  sand- 

s tone ,  s c o r i a  formed f rom n a t u r a l  combust ion  o f .  t h e  t h i c k  c o a l  beds, 

and a l l u v i u m  ( c o n f i n e d  t o  na r row s t r i p s  a l o n g .  main d r a i n a g e  s t reams) .  

It s h o u l d  be n o t e d  t h a t  t h e  s c o r i a ,  w h i l e  i t  appears  i n  t h e  t o p s o i l s  

e s p e c i a l l y  n e a r  c o a l  o u t c r o p s ,  a i s o  appears  i n  t h e  o v e r b u r d e n  where 

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

W i t h  r e s p e c t  t o  t h e  ove rbu rden ,  d r i l l  i n g  l o g s  o f  t h e  S h e l l  O i l  

Bucksk in  N i n e  (Scarborough,  1982) i n d i c a t e  a  predominance o f  s i l  t s t o n e  

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

Much o f  i t  i s  c a l c a r e o u s  ( u s u a l l y  a s  c a l c i u m  c a r b o n a t e ) ,  and p y r i t e  

o c c u r s  i n  some s t r a t a .  A l t h o u g h  t h e  t e x t u r e  o f  t h e  o v e r b u r d e n  i s  

h i g h l y  v a r i a b l e ,  r a n g i n g  f r o m  sand t o  c l a y ,  a  compos i te  wou ld  b e  
- 

w e i g h t e d  towards  t h e  f i n e - p a r t i c l e  end o f  t h e  s c a l e .  I n  g e n e r a l  t e rms ,  

t h e  overburden i s  a1 k a l  i n e  w i t h  a  pH range f r o m  6.5 t o  8..0 t h a t  wou ld  

be averaged towards t h e  h i g h e r  e n d ' o f  t h e  range .  

Se lec . ted  t e s t  d a t a  f rom ana lyses  pe r fo rmed  on one o f  t h e  c o r e s ,  

T a b l e  4-4, i n d i c a t e  a  v a r i a b i l i t y  o f  t e x t u r e s ,  w i t h  t h e  c l a y  f r a c t i o n  

r a n g i n g  f r o m  10-69 p e r c e n t .  The w e i g h t e d  mean pH o f  t h e s e  sample 

i n t e r v a l s  i s  s l i g h t l y  b a s i c ,  7.4. Exchangeable sodium pe rcen tage  

v a l u e s  a r e  i n  t h e  range o f  0.44 t o  2.34 and t h e  s a t u r a t i o n  v a l u e s  a r e  

on t h e  o r d e r  o f  50  p e r c e n t .  Ana lyses f o r  s e l e n i u m  g e n e r a l l y  showed 

c o n c e n t r a t i o n s  l e s s  t h a n  t h e  a n a l y t i c a l l y  d e t e c t a b l e  l e v e l s ,  0.02 mg/kg , 

w h i l e  t h e  average f o r  boron was on t h e  o r d e r  o f  0.2 mg/kg. 



Table 4-4. Soil Characteristics of a Sarple Core 

from the Buckskin Mi ie, Campbell County, kyomi ng 

(Dri 11 Hole Number 28). (Scarborough, 1582) 

Exchanqeable 
Ssn~p'le T e x t a r e  Sod iun 

Interdal, Conductivity Percentage 
fee t  X 9r .d  2 S i l t  S clay Class pH rnmhos/cm (ESP) 

sandy~loan 7.0 0.3E. 0.44 

1 nan 8.0 1.15 2.34 

s i l t y  clay-loa>i 7.9 0.89 1.28 

s i l ty - loan  7.7 1.41 1.00 

silty-loam 7.7 1.23 1.12 

1 oani 7.5 1.63 1.17 

sandy-loant 7.7 2.68 1.55 

clay 6.E 3.20 0.74 

Sodiun~ 
:mlple mdsor~ t ion Available Available 

Iuterval, Ratio Sa turd tton Selenium Boron Phos>korus Pota ssi  urn 
Feet (SAC) . Percentzge ~llUkg rng/kg mg'kg mg:kg 



Keefer and Hadley (1976) gave a summary of t r a ce  elements asso- 

c ia ted  with the  near-surface s o i l s ,  and the overburden rock in the  

Powder River Basin. An excerpt of t h e i r  da ta ,  Table 4-5 ,  shows in-  

formation on the e igh t  elemental contaminants f o r  which water qua l i ty  

standards have been s e t  plus uranium. Other than a r sen ic ,  the  concen- 

t r a t i o n s  in the  overburden of a l l  indicated elements a r e  within an 

order of magnitude of the average crus ta l  1 evels .  

TABLE 4-5 Concentrations of Trace Elements i n  Near-Surface So i l s  
and Rocks, and Overburden Rocks i n  Powder River Basin. 
(Keefer and Hadley, 1976) 

Overburden Average 
Near-surface mate r ia l s  Rocks concen t ra t ion  

i n  rocks o f  
Depth, Depth, Depth, the e a r t h ' s  

5 - 8 inches 6.6 f t  10-166 i t  con t inen ta l  
c r u s t  

Element Mean Range Range Range mg/kg 

Arsenic 

Sar i  urn 

Cadmi urn 

Chromium 

Lead 

Mercury 

Selenium 

Si 1 ver 

Uranium 

4 . 2 . 3  Green River Basin 

The coal deposits  a re  in the lower part  of the Adaville formation 

( P i  t t sburg and Midway Coal Mining Company, 1982) and the overburden 

i s  dominated by sandstone b u t  a l so  consis ts  of interbedded s i l t s t o n e ,  

clayst.ane, carbonaceous claystone,  and  some coa l .  The formation i s ,  



approximately 2900 fee t  thick, with individual coal seams as much as 

118 fee t  thick and with combined coal seam thicknesses in places on 

the order of 250 fee t .  

The sandstone i s  predominantly fine-grained with variations from 

very f ine to  medium. Portions exhibit unsui tab1 e acid-base potential 

charac ter i s t ics ,  indeed, of the total  overburden which has these 

charac ter i s t ics ,  most i s  a t t r ibutable  to  sandstone. The s i l t s tone ,  

which i s  the l e a s t  frequently occurring of the four stratigraphic 

uni t s ,  grades from sandy to clay. Claystones are  variable in texture 

and range from we1 1 -cerneli Led s il t y  and  sandy s ha1 e to carbonaceous 

shales. Near the coal s t r ingers  or in carbonaceous claystone, t h i s  

material may exhibit  an undesirable acid-base potent ial ,  a high boron 

1 eve1 (5 to  7 mg/kg)  and a sodium adsorption ra t io  exceeding ten. How- 

ever,  these layers a re  relat ively thin and, when the overburden i s  

mixed during the mining process, the potential influence of the adverse 

character is t ics  will be diluted. 

In  general, althr?l.~gh most properties a rc  variable,  the texture 

of the overburden can be approximated as s i l t y .  The pH values are  

usually in the neutral t o  s l igh t ly  alkaline range with low pH's usually 

associated with the coal s t r ingers ,  carhnnaceous claystones and sandstone. 

Electrical conductivity, E C ,  i s  generally below 8.0 mmhos/cm which 

may indicate an acceptable concentration of total  dissolved solids 

in overburden groundwater backfi l l .  Although most acid-base potentials 

a re  tavorab'le, between 10 and 2 0  percent of the overburden has values 

l e s s  than or equal to -5.0 tons CaC03/1000 tons of overburden. 

Selected data from one of the 25 t e s t  d r i l l  holes a t  the Kemmerer 

mine ( ~ i t t s b u r g  and Midway Coal Mining Company, 1982), are  shown in 



Tab le  4-6. The s o i l  t e x t u r e  c o n s i s t s  o f  a p p r o x i m a t e l y  3 sand and 4 

o f  each s i l t  and c l a y .  The pH i s  Rear n e u t r a l ,  and t h e  ave rage  a c i d -  

base p o t e n t i a l  i s  on t h e  o r d e r  o f  an e q u i v a l e n t  o f  20 t o n s  CaC03/1000 

t o n s .  E l e c t r i c a l  c o n d u c t i v i t i e s  averaged a p p r o x i m a t e l y  3 mmhos/cm and 

t h e  sodium a d s o r p t i o n  r a t i o s  ranged f r o m  0 . 1  t o  0.6. The two t r a c e  

e lements  w h i c h  were r e p o r t e d ,  s e l e n i u m  and boron,  e x h i b i t e d  1  eve1 s  o f  

a p p r o x i m a t e l y  0.06 and 0.6 mglkg,  r e s p e c t i v e . 1 ~ .  

4 .3  SUMMARY OF DISPOSAL MEDIA PROPERTIES 

I n  compar ing t h e  overburden c h a r a c t e r i s t i c s  o f  t h e  f o u r  s i t e s ,  

T a b l e  4-7,  i t  may be n o t e d  t h a t  t h e  t e x t u r e s  encompass t h e  c a t e g o r i e s  

o f  c l a y ,  c l a y - l o a m ,  and s i l t .  The pH v a l u e s  o f  samples f rom t h e  Texas 

mines a r e  somewhat v a r i a b l e  w i t h  t h e  G ibbor~s  Creek s o i l s  b e i n g  a c i d i c  

and t h o s e  o f  San M igue l  b e i n g  a c i d i c  t o  s l i g h t l y  b a s i c .  On t h e  o t h e r  

hand, t h e  overburdens f rom t h e  Wyoming mines a r e ,  on t h e  ave rage ,  

s l i g h t l y  b a s i c .  E l e c t r i c a l  c o n d u c t i v i t i e s  and sodium a d s o r p t i o n  r a t i o s  

f o r  t h e  Texas s o i l  s  appear t o  have h i g h e r  v a l u e s  (a1 t h o u g h  SAR v a l u e s  

were n o t  r e p o r t e d  f o r  t h e  Gibbons Creek m i n e ) .  A l so ,  t h e  s a t u r a t i o n  

pe rcen tage  i s  h i g h e r  f o r  t h e  San M igue l  mine s o i l s  t h a n  f o r  t h e  Wyoming 

ove rbu rdens ,  > I 0 0  p e r c e n t  as compared w i t h  a p p r o x i m a t e l y  50 p e r c e n t .  

W i t h  r e s p e c t  t o  t r a c e  e lements ,  t h e  San M igue l  mine shows c o n c e n t r a t i o n s  

o f  boron w h i c h  average >3 mglkg whereas t h e  w e s t e r n  mines have v a l u e s  

< 1  rng/kg. Average c o n c e n t r a t i o n s  o f  s e l e n i u m  a t  a l l  l o c a t i o n s  were 

n e a r  o r  be low t h e  a n a l y t i c a l  d e t e c t i o n  1  i m i t s .  



Table 4-6. Characteristics of Selected 

Underburden Depths of Kemmerer Mine. 

(Pi t tsburg and Midway Coal Company, 1982) 

Acid-Base 
Sa~npl i ng T e x t u r e  P o t e n t i a l  E l e c t r i c a l  
I n t e r v a l ,  P H + tons CaCol Conduc t i v i t y  

fee t  % Sand % S i l t  % C l a y  Class paste equi v/1000 tons nlnlhos/cm 

clay-loam 

sandy loam 

c l a y  

sandy loam 

I oain 

c l a y  

sandy loam 

s i  I t y  c l a y  

sandy c l a y  loam 

c l a y  

Sodi um 
Sampling Adsorpt ion 
I n t e r v a l ,  Ra t io  Sa tu ra t ion  Selenium Boron 

f e e t  (SARI Percentage mg/kg . mg/kg Desc r ip t i on  

10-16 0.6 36.6 0.02 0.80 sands tone 

29.9-39.5 0.3 32.2 0.02 0.34 gray sandstone w i t h  coal  s t r i n g e r s  

55.5-58.3 0.3 60.2 0.13 1.33 dark gray s o f t  shale 

73.8-87.5 0.2 31.4 0.03 0.77 gray moderately cemented sandstone 
under la in  by dark gray sandstone w i t h  
coal  s t r i n g e r s  and p y r i t e  c l a s t s  

102.6-113.0 0 .1  36.1 0.20 0.90 gray f i ne -g ra ined  sandstone under la in  
by gray medluni-grained sandstone 

118.4-125.3 0.2 53.3 0.03 0.93 dark gray hard shale w i t h  sand lenses 

163.4-150.9 0.2 32.8 0.02 0.57 gray s a l t  and pepper sand w i t h  some 
carbonaceous 1a111i r ~ a l i u ~ l s  and pyrf t i c  
c l a s t s  under la in  by gray hard s i l t y  
shale w i t h  f o s s i l i z e d  s h e l l s  

228.9-249.7 0.2 40.7 n n7 0.62 vcl'y hard nnndy f n \ \ i l i f n . n i ~ <  q l ~ n l v  w i  (11 
c o a l i f i e d  p l a n t  n ~ a t t e r .  grades t.n nnn- 
f o s s i  l i f e r o u s  

371.5-373.3 0.2 22.1 0,05 n.74 fins-grained, v o r ~ ~  ~1011 con~ontcd sand 
stone 

373.3-379.4 0.2 44.1 0.14 I .nl gray hard sandy shale 



TABLE 4-7 Comparison of Overburden Characteristics for Four Selected 
Sites:. .. 

Sod i urn 
Texture E l e c t r i c a l  Adsorpt ion Sa tu ra t ion  Boron Selenium 

k i n e  C l a s s i f i c a t i o n  P H Conduc t i v i t y  Ra t io  Percentage mg/kg mg/kg 

Gibbons c l a y  t o  
Creek c lay  loa~n  a c i d i c  0.5-10.0 1.0 ~ 2 . 0  

Sa n two cores 
Miguel c l a y  s l i g h t l y  bas ic  -6  16 ,100 >3.0 ~ 0 . 5  

and one core 
s t r o n g l y  a c i d i c  
-ove ra l l  i s  
near neu t ra l  

Buckskin c lay  (near s l i g h t l y  
c l a y  loan)) bas ic  

Kemrnerer s i l t  s l i g h t l y  
bas ic  



SECTION 5 

SUMMARY ,, . 

Because l i g n i t e ' a n d  subbituminous coal w i l l ,  in t h e  near f u t u r e ,  

play a  c r u c i a l  r o l e  in meeting the  energy demands of indust ry  and t h e  

u t i l i t i e s ,  t h e  hazards of disposing s o l i d  wastes from the  mines must be 

recognized and minimized. The principal  s o l i d  wastes.generated by low- 

rank coa l - f i r ed  power p lan t s  a r e  in t h e  form of f l y  a sh ,  bottom ash ,  a n d  

s ludge mate r i a l s  associa ted  with f l u e  gas desu l fu r i za t ion .  As Lacy e t  

a9 . (1979)  p o S n t  o u t ,  a  typica l  15UU MW p lant  f i r e d  with Texas 1  i g n i t e  

wil l  l i k e l y  generate between 300,000 and 500,000 dry tons of FGD sludge 

per yea r ,  and two t o  t h r e e  times a s  much f l y  ash.  A t  p resent ,  these  

waste ma te r i a l s  a r e  disposed of  in mining area  burial . p i t s .  

Understanding t h e  general proper t ies  of  ash and ash-sl  udge 1  eachates 

i s  e s sen t i a l  t o  pinpointing the  potent ia l  hazards of the  disposal wastes. 

Coal ash contain a  number of.  oxide elements including those of al~.~rninl.lrn, 

i r o n ,  calcium, magnesium, potassium and s u l f u r ,  in addi t ion  t o  a  va r i e ty  

of  t r a c e  elements. Sludges a r i s i n g  from t h e  f l u e  gas desu l fu r i za t ion  

process a l s o  contain a  l a r g e  number of t r a c e  metals ,  a s  well a s  s i g n i f i c a n t  

q u a n t i t i e s  of calcium s u l f a t e  and limestone. Ligni te  and coal ashes show 

subs tan t i a l  ca t ion  and s u l f a t e  so lub i l . i ty  in water.  The leaching of 

hazardous elements from the ash i s  genera l ly  q u i t e  d e , p ~ n r l ~ n t  upon pH,  

t y p i c a l l y  with s i g n i f i c a n t  reductions in elemental concentrat ions with 

increas ing pH, (although a r sen ic  has been shown t o  have a n  anomalous 

behavior in  the  range of pH=12). FGD sludge and leachates  from the  

sludge contain concentrat ions of B y  Hg and Se above drinking water 

s tandards by a f a c t o r  of l o x  or more (Hart  and Delaney, 1 9 7 8 ) .  Brown 



e t  a1 . (1976) found t r a c e  element c o n c e n t r a t i o n s  i n  f l y  ash pe rco l  a.te 

t o  exceed European d r i n k i n g  water  s tandards.  

As these  v a r i o u s  t r a c e  elements and compounds p e r c o l a t e  th rough  

t h e  s o i l s  beneath b u r i e d  wastes, phys i ca l  and chemical ,  processes occur  

which may r e t a i n  c e r t a i n  elements w h i l e  perhaps r e l e a s i n g  f rom t h e  s o i l s  

o t h e r  n a t u r a l l y  p resen t  m a t e r i a l s .  V a r i a b i l i t y  o f  s o i l  systems and o f  

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

o f  t h e  d i v e r s e  n a t u r e  o f  t h e  s o i l s  and l e a c h a t e  t h e r e  i s  con t rove rsy  as 

t o  t h e  dominant uptake mechanisms. F u l l e r  and Ko r t e  (1976) and F u l ' l e r  

(1977, 1978) no te  t h a t  t h e  severa l  genera l  parameters a f f e c t  a t t e n u a t i o n :  

s o i l  pore and p a r t i c l e  s i zes ,  s o l u t i o n  f l u x  th rough  t h e  s o i l ,  c o l l o i d  

f r a c t i o n  and type ,  and t h e  presence of  ox ides  and hydrox ides  o f  aluminum, 

i r o n  and manganese. The mechanisms o f  a t t e n u a t i o n ,  suggested by F u l l e r  

and Ko r t e  (1976) ,  Jenne (1968) ,  L indsay  (1972) and G r i f f i n  and Shimp (1978) 

i n c l u d e :  i o n  exchange ( s p e c i f i c a l l y  those  i o n s  h e l d  i n  t h e  coun te r  i o n  

atmosphere o f  t h e  e l e c t r i c  double  l a y e r ) ,  complexing w i t h  o rgan i c  ma t t e r ,  

adso rp t i on  by m inera l  spec ies,  and p r e c i p i t a t i o n .  

Several  column s t u d i e s  have been under taken t o  i n v e s t i g a t e  t h e  s o i l s  

uptake o f  contaminan,ts i n  mun ic ipa l  waste l eacha tes .  G r i f f i n  and Shimp 

(1978) concluded t h a t  p r e c i p i t a t i o n  i n  t h e  column l a y e r  was t h e  dominant 

mechanism f o r  Pb, Cd, Hg and Zn. F u l l e r  (1977) no ted  i o n  exchange cannot 

b i n d  meta l  i o n s  i n d e f i n i t e l y  and t h a t  some m i g r a t i o n  f rom t h e  exchange 

s i t e  w i l l  e v e n t u a l l y  occur .  I n  a  colulnn s tudy  on t h e  uptake o f  l eacha tes  

assoc ia ted  w i t h  c o a l - f i r e d  p l a n t s  i n  sou theas te rn  Un i t ed  S ta tes ,  M i l l  i gan  

and Ruane (1980) no ted  t h a t  i o n  exchange cou ld  n o t  be a  major  a t t e n u a t i o n  

mechanism because t h e  t h e o r e t i c a l  i o n  exchange c a p a c i t y  was g r e a t l y  ' 

exceeded. 



With respect to the so i l s  in the primary regions of in t e re s t ,  Texas 

and Wyoming, data have been summarized for four s i t e s :  the  Gibbons Creek 

mine in Grimes County, Texas; the San Miguel mine in Atascosa County, 

Texas; the Buckskin mine in Campbell County, Wyoming; and the ~emmerer 

mine in the Green River Basin of Wyoming. The pH ranges from acidic t o  

near-neutral for the Texas mines whereas the values a re  s l ight ly  basic 

for the two Wyoming areas. Electrical conductivities and sodium adsorp- 

t ion ra t ios  a r e  higher for t.he Texas overburdens. The levels of boror~ 

in the San Miguel soil  was > 3  ppm whereas the western mines have values 

<1 ppm. Concentrations of selenium a t  a l l  s i t e s  were near or less  than 

the detection l imi ts  of analytical instrumentation. 
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importance, however t h e  concepts which they present  have so f u l l y  become 

a  p a r t  of the  modern sc ience  t h a t  the  same information may be obtained 
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p lacement by  CaC1 and A1 C1, , but. n o t  h y  KC1 o r  NIi,Cl . Pro1 onged 
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c u s s i o n  i s  p resen ted  on t h e  reasons and s u p p o r t i n g  d a t a  f o r  t h e  
suggested p a r t i c l e  s i z e  dependence o f  p h y s i c a l  and chemica l  
p r o p e r t i e s  o f  f l y  ash. 

F o l l e t t ,  E.A.C., 1965. "The R e t e n t i o n  o f  Amorphous, C o l l o i d a l  ' F e r r i c  
H y d r o x i d e '  b y  K a o l i n i t e s , "  S o i l  S c i .  16(2) :334-341.  

The s o r p t i o n  and d i s t r i b u t i o n  o f  amorphous c o l l o i d a l  ' f e r r i c  
h y d r o x i d e '  p a r t i c l e s  on t h e  su r faces  o f  kao l  i n i t e  f l a k e s  were 



studied by e lec t ron  microscopy. The sorption react ion was crys-  
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A t  room t e m p e r a t u r e ,  a i r - d r y  c a l c a r e o u s  s o i l s  sorbed 0.4 t o  
1 .6  g  o f  S02/100 g o f  s o i l  w i t h i n  1 0  t o  15 min  f r o m  a  d r y  a i r  
s t ream.  The SO2 s o r p t i o n  c a p a c i t y  i n c r e a s e d  w i t h  i n c r e a s i n g  SO2 
c o n c e n t r a t i o n  i n  t h e  a i r  s t ream.  M o l s t u r e  i n  t h e  a i r  and s o i l s  
g r e a t l y  i n c r e a s e d  t h e  s o r p t i o n  c a p a c i t i e s .  and t h e  i n i t i a l  s o r p t i o n  
r a t e s .  




