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SUMMARY AND CONCLUSIONS 

The Metropolitan Water Reclamation District of Greater 

Chicago's (District) Fulton County, Illinois, land reclamation 

site includes approximately 140 ha of coal refuse, which pro- 

duced acid mine drainage. About 32 ha of this coal refuse is 

located at St. David, Illinois, and is the focus of this 

study. In 1987, the District began a ten-year study, based on 

previous research, to determine the rates of biosolids, agri- 

cultural lime, and clay that can be used to reclaim the coal 

refuse. Single replicates of ten treatments were established 

on approximately 0.405-ha plots on the west lobe and side 

slopes of the coal refuse pile. 

Six treatments consisted of an unamended control and 

amended plots receiving biosolids applications of 784, 1,568, 

2,240, 2,800, and 3,360 Mg/ha. Two treatments consisted of 

amended plots receiving 784 and 1,568 Mg/ha biosolids plus 179 

Mg/ha of lime. The final two treatments received the above 

two application rates of biosolids and lime, but had a 10.2-cm 

layer of clay placed between the biosolids and the coal ref- 

use. The plots were seeded with alfalfa (Medicago sativa L.), 

alsike clover (Trifolium hybridurn), bromegrass (Bromus 



i n e i - m l s ) ,  arid tall fescue ( F e s t u c a  a r u n d i n a c e a  L.), alonr; with 

a cover crop of cereal ryegrass ( L o l i u r n  m u l t i f l o r u m )  . 

Soil, veget-ation, and surface runoff water samples were 

collected during the study. Soil samples were collected annu- 

ally I n  15-ern increments from the surface of the arnende3 Lsyer  

to a maxirnu-n depth of 60 cm in the coal refuse. The fcrage 

was sampled in 1988 and 1989 for yield determination and acnu- 

ally for chemical analysis. Surface water runoff was ~ 9 1 -  

lected quart.erly . 

A11 the biosolids and lime treatments were effective in 

decreasing t he  acidity of the coal refuse and the s u r f a r e  wa- 

ter, and improving conditions for plant growth in the coal re- 

fuse. There was no noteworthy effect of the clay treatment on 

most of the coal refuse characteristics monitored or on plant 

growth and elemental concentrations. The effectiveness of the 

biosolids was attributed mostly to their ability to lncsease 

the buffering capacity of the coal refuse and to neutralize 

acld-forming ions. The treatments increased the pH and de- 

creased the acidity, EC, and water-extractable Al and Fc? in 

the coal refuse. 

Compared to the unamended control where the pH was very 

low (pH 2.0 to 2.5) and acidity was high (5 to 25 crnoiC/kg) , 

all the treatments effectively increased the pH (up ta pH 7 . 1 )  



and reduced the acidity (to below to 5 cmol,/kg) at all depths 

in the coal refuse. The effectiveness decreased with depth in 

the coal refuse, but did not appear to decrease with time dur- 

ing the study. The 2,240, 2,800, and 3,360 Mg/ha biosolids 

application rates were nearly as effective as the treatments 

in which lower biosolids rates (784 and 1,568 ~g/ha) were ap- 

plied together with lime and with and without clay. 

The concentrations of major plant nutrients and extract- 

able metals in the coal refuse tended to increase with bio- 

solids application rate and decreased with depth. There was 

no consistent effect of lime on the concentrations of these 

constituents. The exchangeable sodium percentage (ESP) tended 

to increase with biosolids rate to a maximum value of 2.5 and 

did not approach sodic levels (>  15). 

Compared to the unamended control, which had no cover 

throughout the study, the forage yields in all the amendments 

were satisfactory. There were no consistent effects of bio- 

solids rate or lime application on forage yield or on the con- 

centration of metals in the forage tissue because all the bio- 

solids application rates were at the plateau range of the 

plant growth response curve. 

The forage tissue metal concentrations were generally 

highest at the beginning of the study, and then declined 



sharpiy with time afterwards. This indicates that t k . e  5io- 

availabili~y of metals applied through the biosolids 2zen.d- 

ments tended to decrease with time, most likely as a r e s ~ ~ l t  of 

the reduction in soil acidity. Throughout the study, the corn- 

putec! forage metal uptake coefficients (UC) were much I ~ w e r  

t h a ~  the 3C values for forage predicted for Pathway 6 of the 

USEPA Part 533 Risk Assessment model. 

The rreatments were effective in controlling the p E  and 

acid~ty of tne surface water runoff. Except for the 784 Mgiha 

biosclids treatment, in which the pH of the surface watez run- 

off was lower, the pH of the surface water runoff from all the 

other treatments ranged from approximately 5.9 to 6.8 and the 

acid~ty was ~~sually lower than 5 cmol,/kg. 

The concentrations of NH3-N, NO3-N, and total P l r !  the 

surface water runoff decreased with time, and by the e".d of 

the study they were relatively low. This increase in the con- 

centration of nutrients represents only a short-term conrribu- 

tion to the degradation in surface runoff water quality. In 

the long run, the impact of the treatments on the concentra- 

tion of nutrients is not significant as compared to the reauc- 

t i o ~  in surface runoff water volumes, metal concentra:iions, 

and water ac~dity. 



Overall, the results of the study showed that all the 

amendments were effective in providing adequate conditions for 

maintaining a vegetative cover on the coal refuse, and they 

significantly improved the quality of surface runoff water. 

When the coal refuse was amended with biosolids alone at rates 

greater than 1,568 Mg/ha, it provided similar or greater lim- 

ing power than treatments using lower biosolids application 

rates applied together with 179 Mg/ha of lime. The biosolids 

amendments ameliorated the coal refuse to provided a favorable 

plant root environment throughout the ten-year period. This' 

occurred by improving the physical properties, increasing the 

pH, decreasing the acidity, and increasing the levels of 

available essential plant nutrients (especially N and P )  in 

the coal refuse. 

The results of the study also confirmed the speculation 

by Pietz et al. (1989) that biosolids rates greater than 542 

Mg/ha might be required to provide long-term reclamation of 

the St. David coal refuse. The 1,568 Mg/ha biosolids plus 179 

Mg/ha of lime treatment is the recommended amendment for rec- 

lamation of other site coal refuse under similar conditions 

and project goals because it provides the best combination of 

effective reclamation while minimizing the potential for ex- 

cessive application of nutrients and metals. 



INTRODUCTION 

Coal refuse consists of waste coal, rock pyrites, slate, 

shale, mill tailings, clay, or other non-marketable rakerla1 

separated frorn coal during the cleaning operation. Tr the 

eastern Ulzited States, coal refuse is usually acidic because 

-1, pro- of the oxidation of indigenous pyritic minerals, whim" 

duces sulfuric acid and soluble salt products (Nordstrom, 

1982). Gff-site movement of these compounds through rsncff 

and leachiny can adversely affect streams, rivers, and i akes. 

Haynes ancl Klimstra (1975) reported that there was a b o ~ t  1,712 

ha of coal. refuse material in Illinois, of which apprcxirnately 

454 ha of this material was located in Fulton County as of 

June 30, 1971. Approximately 140 ha of this coal ref~~se mate- 

rial i.s 1oc:ated at the Fulton County land reclamation site 

that is owned and operated by the District. 

Municipal hrosolids have been used as an amendment t o  re- 

clah acid mine spoils (Hinkle, 1982; Stucky et al ., 1980; 

Sopper and Seaker, 1984). However, few attempts hasre been 

made to reclaim coal refuse materials with biosoli-ds. Previ- 

ous resea~rcli by Pietz et al. (1987 and 1989a, b, c) showed 

that municipal biosolids can be effective in establlshrrsg a 

vegetative cover and in improving the chemical composition and 



percolate quality of acidic coal refuse material. The results 

of this research, conducted from 1974 to 1981, indicated that 

900 to 1,350 dry Mg/ha of biosolids and 134 to 187 Mg/ha of 

lime were sufficient for effective long-term reclamation (>5 

years) of coal refuse material. 

For reclamation of acidic coal refuse material, it is im- 

portant that the alkalinity be maintained above the threshold 

level to retard pyrite oxidation (Burt and Caruccio, 1986). 

Previous research (Pietz et al., 1987; Pietz et al., 1989a, b, 

C) showed that combinations of biosolids and lime were more 

effective than applications of these amendments individually 

for controlling the pH and reducing the concentrations of 

acid-forming cations A1 and Fe. Consequently, for long-term 

reclamation, biosolids should be applied with lime to maintain 

the alkalinity required to neutralize the acidic products of 

pyrite oxidation in the coal refuse material. Clay can be 

beneficial because it provides a greater rooting depth for 

planted vegetation, reduces percolation into coal refuse mate- 

rial, and helps to stabilize the side slopes of coal refuse 

piles. 

In 1987, the District initiated an experiment on a coal 

refuse pile located at St. David, Illinois, to determine the 

rates of biosolids, agricultural lime, and clay necessary for 



l o n g - t e r r *  r ec l ama t ion  of c o a l  r e f u s e  m a t e r i a l .  The e x p e r ~ r n e n t  

was l n l t i a t r d  with  t h e  a p p r o v a l  of t h e  I l l i n o i s  Envi renn-en ta l  

P r o t e c t i o n  -4gency (IEPA) . I n  t h i s  r e p o r t ,  w e  p r e s e n t  t h e  re- 

s u l t s  of t h e  e f f e c t s  o f  t h e s e  amendments on t h e  chemica l  com- 

pos~tion, r ? v e g c t a t i o n ,  a n d  s u r f a c e  wa te r  q u a l i t y  of  the c o a l  

refuse material 



MATERIALS AND METHODS 

Establishment of Plots 

The experiment was started in 1987 on the west lobe and 

side slopes of a coal refuse pile located at St. David, Illi- 

nois. The experiment consisted of ten treatments (Table 1) 

each established on approximately 0.4 ha plots. A description 

of the plot layout is shown in Figure 1. 

The treatments were established in four phases of opera- 

tion. In the first phase, the site was graded to fill the ex- 

isting erosion gullies on the surface and to remove the old, 

nonfunctioning terraces from the side slopes of the coal ref- 

use pile. When this was completed, lysimeters (described 

later) were installed in each treatment. 

In the second phase of operations, agricultural limestone 

was applied to the respective plots followed by anaerobically 

digested municipal biosolids from the District's Stickney Wa- 

ter Reclamation Plant (WRP) according to the rates described 

in Table 1. The biosolids were applied in 10.2-cm layers us- 

ing a scraper. The amendments were incorporated with a chisel 

plow. The composition of the applied biosolids is shown in 

Table 2. 



METROPOSITAN WATER RECLAMATION DISTRICT OF GREATER C3IGAGQ 

TABLE 1 

M43?DMENT'S APPLIED TO THE EXPERIMENTAL PLOTS AT THE ST, DAVID 
COAL REFUSE PILE 

Treatment ~omposition' 
Biosolids 

Plo: Number (Mg/hal 
Lime 

(Mg/ha) 

-- 
xplication rates for biosolids and lime are on a dry ueight 
basis. 
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TABLE 2 

CHEMICAL ANALYSIS OF THE BIOSOLIDS USED TO AMEND TEE 
EXPERIMENTAL PLOTS AT THE ST. DAVID COAL REFUSE P I L E  

Chemical C o n s t i t u e n t  C : o n c e n ~ r a t i o n  

------------.----- ---------- Percent DW--------- ---------.----.----- 

Total Solids 
To+al VaZatile Solids 



After the last layer of biosolids was applied, 10.2 cm of 

clay was applied to two of the plots (Table I), and then the 

amendments were incorporated using a chisel plow. 

In the third phase of operation, the amended surface of 

the plots was disked transverse to the slopes and then the 

plots were seeded. The planted vegetative cover consisted of 

broadcast seeding of cereal rye at a rate of 121 kg/ha, fol- 

lowed by broadcast seeding of alfalfa and alsike clover at a 

rate of 22.4 kg/ha. Next bromegrass and tall fescue were 

drill seeded at a rate of 11.2 kg/ha. 

In the final phase, the plots were mulched. Those areas 

on each treatment which were flatter and had an average slope 

of ten percent or less were mulched with straw or old hay at 

the rate of 136 bales/ha. Portions of each treatment with 

slopes greater than ten percent were covered with a biodegrad- 

able paper fabric held in place with 10.2-cm staples. 

Environmental Sampling 

In the fall of every year the amended coal refuse mate- 

rial was sampled. Composite samples of 18 to 20 cores per 

treatment plot were collected in 15-cm increments from the 

surface through the treatment layers to the unamended ,coal re- 

fuse material. The maximum sampling depths were 60 cm for the 



2,80C and 3,360 Mg/ha biosolids treatments, 45 cm for che 

1,558 Mg/ha blosolids + lime + clay and the 2,240 Mg/ha blo- 

sojlds treatments, and 30 cm for all the other treatments and 

the unanended coal refuse plot. 

Forage yields were measured in 1988 and 1989 0r.L~- For 

forage tl3sue sampling, each treatment was divided ~ r . t c >  16 

subplots; four subplots on the upper and lower slopes c f  each 

trentment arid eight plots on the longer middle sl.ope. Plant 

saznpies were coi.Lected by harvesting a 1-m2 area  fro^ e a c h  of 

the four subplots on the upper and lower slopes of each treat- 

ment. Ijlai~t samples In the middle slope portion of each 

treatment were collected from four of the eight subp1o"s by 

random sef.ectron. The plant samples used for chemical aqal y- 

sis were obtained by making a composite sample of equal. por- 

ti0r.s collected from the four subplots sampled on the upper, 

middle, and lower slope of each treatment. 

Surface runoff was collected quarterly each year from 

each treaLment as specified in a site permit issued by the 

IEPA. Surface runoff was collected by installing a colleztion 

devlce in the middle portion of the lower slope in each treat- 

ment. The zollection device consisted of a 15.2-cm x 33.5-cm 

plastlc container placed into a 25.4-cm x 45.7-cm plastzc pipe 

underlaic with pea gravel. Side wings to divert runoff ta the 

9 



collection container consisted of 2.54 cm x 15 cm x 2.4 m 

treated lumber installed at a 45-degree angle to the collec- 

tion container. A wooden platform was built to cover the top 

of the collection device so that rainfall would not enter the 

collection container. 

Chemical Analyses 

The chemical composition of the applied municipal bio- 

solids was determined according to Standard Methods (1985). 

Coal refuse samples were air-dried and ground to pass a 2-mm 

stainless steel screen. The samples were analyzed for pH 

(McLean, 1982) and EC (Rhoades, 1982) using a 1:l soil-water 

ratio. Exchangeable NH4-N and N03+N02-N were determined in the 

2M KC1 extract according to Keeney and Nelson (1982). Total 

Kjeldahl nitrogen (TKN) was determined by the semi-micro Kjel- 

dahl method (Bremner and Mulvaney, 1982). Available P was de- 

termined by the Bray PI method and total P was determined in 

the HN03-HC104 acid digest. Total acidity, consisting of se- 

quentially extracted water-soluble and 2 M KC1-extractable - 

acidity, was determined according to Pietz et a1 . (1989a) . 

Concentrations of Al, Ca, Fe, K, Mg, and Na were determined in 

the water extract. Concentrations of Al, Ca, Fe, Mg, and Na 



were determined in the KC1 extract. The concentrations CI all 

metals were determined by atomic absorption spectroscopy. 

Representative plant tissue samples collected  fro^ each 

treatment were dried at 65"C for 48 hours and ground I n  a 

Wiley mill to pass a 0.85-mrn stainless steel screen. SanpTes 

were wet-ashed in a mixture of concentrated HN03 and HCICZ4 ac- 

ids and analyzed for metals as described by Pietz et al. 

(1989b) . 

Surface runoff samples collected quarterly were anali:yzed 

according to Standard Methods (1985) for pH, EC, total P, So4 ,  

NH3-N, N&i-NO2-N, Al, Cd, Fe, Mn, Ni, Zn, and BOD5. 



RESULTS 

Chemical Composition of Coal Refuse 

The chemical composition of the treatments was monitored 

down to the depth of the unamended coal refuse. As previously 

indicated, this was to a depth of 60 cm for the 2,800 and 

3,360 Mg/ha biosolids treatment, 45 cm for the 1,568 Mg/ha 

biosolids + lime + clay and the 2,240 Mg/ha biosolids treat- 

ments, and 30 cm for all other treatments and the unamended 

coal refuse plot. 

COAL REFUSE pH AND ACIDITY 

Coal Refuse pH. The effect of biosolids application on 

the pH of the amended coal refuse material is presented in 

Figures 2 and - 3. The coal refuse pH in the 0- to 15- and the 

15- to 30-cm depths of the unamended plot ranged between ap- 

proximately 2.0 and 2.5 throughout the study, except in 1995 

where the pH increased to about 3.1 (Figure 2 )  . All amend- 

ments resulted in a pH increase at all depths of the amended 

coal refuse, except in 1995 at the 15- to 30-cm depth of the 

784 Mg/ha unlimed biosolids treatment. 

At the 0- to 15-cm depth of the treatment receiving only 

784 Mg/ha biosolids amendment, the pH was much higher than in 

the unamended plot, fluctuating between pH 4.5 and 5.5 (Figure 
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FIGURE 2 

pH AT FOUR DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY 

- Oto 15cm 15 to 30 cm - 

- 

- 

- 

- - 

i i  - 7 

YEAR YEAR 
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FIGURE 3 

pH AT TWO DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY (CLOSED SYMBOLS) AND 
BIOSOLIDS + LIME (OPEN SYMBOLS) WITHOUT (A) AND WITH ( B )  CLAY 

(A) No Clay 
I 

1 ,  1 
1988 1990 1992 1994 1996 

YEAR 

3 

2 

% 
7 

- 

- 

Biosolids - 
Rate (Mglha) 
-4- 784 - 
-4- 1,568 1 

- Biosolids - 
Rate (Mglha) - 

- --e - 784 - 
-4- 1,5681 

- - 15 to 30cm 
- 

1988 1990 1992 1994 1996 

YEAR 



2 ) .  The pH at the 0- to 15-cm depth of the higher biosoiids - 

rates were higher than at the 784 Mg/ha biosolids rate ana the 

values at those higher rates were similar, ranging from pR 5.5 

to 6.5. Compared to the 0- to 15-cm depth, the range of soal 

ref~se pH at the 15- to 30-cm depth were similar at 2,805 and 

3 , 3 6 9  Mg/ha biosolids rates and was lower in the other ~ i o -  

solids treatments. At the lower depths (30 to 45 czm ar.d 45 to 

60 cm), coal refuse pH fluctuated but increased with b - c s o l i d s  

load~ng rate. At the 45- to 60-cm depth, the coal refuse pH 

tended to Increase with time from 1987 to 1992. 

At the 7 8 4  and 1,568 Mg/ha biosolids rates, the addition 

of 1 7 9  Mg/ha lime was more effective than biosolids alone in 

increasing the coal refuse pH, and in the 0- to 15-cm depth 

the effect was more prominent at the 784 Mg/ha biosol:-ds rate 

(Fiqure 3 A ) .  Ac the 0- to 15-cm depth, the coal refuse pH in 

the 1,568 Mg/ha treatment was usually only slightly lower than 

in the 784 Mg/ha biosolids + 179 Mg/ha lime treatment, In 

most years, the pH at both the 0- to 15-cm and the 15- to 30- 

cm depths tended to be higher in the plots treated with clay 

than in the plots without clay. 

The effecr. of the treatments on increasing pH was rr~ore 

prominent at the upper depths of the coal refuse, where the 

amendment:; were incorporated. With time, the leacning of 



biosolids constituents and Ca help to ameliorate coal refuse 

pH below the depth at which biosolids were incorporated. The 

observed liming effect of the biosolids is due to their near 

neutral pH (pH 6.9; Table 2) and to the neutralizing value of 

biosolids constituents. This agrees with observations of 

Griebel et al. (1979) who observed that the pH of coal refuse 

increased from 2.6 to 5.3 when biosolids were incorporated at 

rates ranging from 450 to 900 Mg/ha without lime application. 

Coal Refuse Total Acidity. The total acidity in the coal 

refuse, estimated as the sum of sequentially extracted wates- 

extractable and KC1-extractable acidity, is presented in Fig- 

ures 4 and - 5. In the unamended plot, total acidity at the 0- 

to 15-cm and 15- to 30-cm depths were similar and fluctuated 

between approximately 5 to 25 cmol,/kg (centimoles of charge 

per kilogram) (Figure 4). All the amendments dramatically de- 

creased the total acidity at all amended depths of the coal 

refuse with the levels being generally less than 5 cmol,/kg, 

except in a few instances where levels were higher (up to 10 

cmol,/kg) . 

At the 784 and 1,568 Mg/ha biosolids rate, total acidity 

in the limed and unlimed plots tended to be similar (Figure 

5). In some years, the total acidity was higher in the 15- to - 
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FIGURE 5 

TOTAL ACIDITY AT TWO DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY (CLOSED 
SYMBOLS) AND BIOSOLIDS + LIME (OPEN SYMBOLS) WITHOUT (A) AND WITH (B) CLAY 

0 to 15cm Biosolids 
Rate (Mglha) 

25 
- -e - 784 

1,568 

I 1 
1988 1990 1992 1994 1996 

YEAR 

35 - (B) Clay 
0 to 15 crn Biosolids 

30 7 Rate (Mglha) - 
- -e - 784 

25 : - 4 - 1,568 - 

20 y - 

15 : - 

10 : - 
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3 0 - c n  d e p t h  o f  t h e  unl imed 784 Mg/ha b i o s o l i d s  t r e a t x e n t .  

T h e r e  was no a p p a r e n t  e f f e c t  of  t h e  c l a y  t r e a t m e n t  on tke t o -  

t a l  a c i d i t - y  i n  t h e  c o a l  r e f u s e  ( F i g u r e  5 ) .  

WATER-EXTPSICTABLE A 1  AND Fe I N  COAL REFUSE 

The c o n c e n t r a t i o n s  o f  w a t e r - e x t r a c t a b l e  A 1  i n  t h e  c o a l  

r e f z s e  a r e  p r e s e n t e d  i n  F i g u r e s  6 and  - 7 ,  and  concen t r a sxons  o f  

e x z x a c t a b l e  Fe a r e  p r e s e n t e d  i n  F i g u r e s  8  and  - 9 .  I n  t h e  ana- 

mended p l o t ,  t h e  c o n c e n t r a t i o n s  o f  e x t r a c t a b l e  A 1  and Fe a t  

t h e  0- to 15- and  15- t o  30-cm d e p t h s  f l u c t u a t e d  duri r lg  t h e  

s t u d y  wi th i :?  a  r ange  of a p p r o x i m a t e l y  75 t o  525 mg/kg ( F i g u r e  

6 )  and 2 0 0  t o  1 ,000  mg/kg ( F i g u r e  8 )  f o r  A 1  and  Fe, r e spec -  - 

t i v e l y .  

I n  t h e  amended p l o t s ,  Fe and A 1  c o n c e n t r a t i o n s  a t  a l l  

d e p t n s  o f  t h e  sampled c o a l  r e f u s e  were much lower  Eusual ly  

less t h a n  50 and  25 mg/kg, f o r  A 1  and  Fe,  r e s p e c t i v e l y ) ,  ex- 

c e p t  i n  a few i n s t a n c e s  where h i g h e r  c o n c e n t r a t i o n s  were ob- 

s e r v e d .  'The l ower  c o n c e n t r a t i o n s  o f  w a t e r  s o l u b l e  A i  and Fe 

i n  t h e  amended p l o t s  a r e  due  t o  t h e  i n c r e a s e  i n  pH wlri lci> re- 

duced t h e  s o l u b i l i t y  of  A 1  and Fe compounds and  t o  the so rp -  

tior: of  t h e s e  e l e m e n t s  t o  t h e  m i n e r a l  and  o r g a n i c  components 

of  t h e  b i o s o l i d s .  A t  t h e  784 and 1 , 5 6 8  Mg/ha b i o s o l i d s  ra tes ,  

t h e  un l imed p l o t s  had  more i n s t a n c e s  o f  e l e v a t e d  
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FIGURE 6 

WATER EXTRACTABLE A1 AT FOUR DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY 

YEAR YEAR 
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FIGURE, 9 

WATER EXTRACTABLE Fe AT TWO DEPTHS TN COAL REFUSE AMENDED WTTH RfOSOLIDS ONLY 
[CLOSED SYMBOLSj AND BiOSOLllDS + LIME (OPEN SYMBOLS) WITHOUT {A) AND WITH (B) CLAY 

(A) No Clay 

Oto 15cm 
125 - Biosolids 

Rate (Mglha) - 
- -8 - 784 : 

100 - -4- 1,568: 

75 - - 

IB) Clav 

Oto15cm Biosolids 
Rate (Mglha) 

YEAR YEAR 



concentrations of water soluble A1 (Figure 7) and Fe (Figure 

9) than in the limed plots. - 

Pietz et al. (1989a) found also that a treatment of 842 

Mg/ha biosolids in addition to 89.6 Mg/ha lime was more effec- 

tive than biosolids alone in increasing pH and reducing total 

acidity and water-extractable A1 and Fe of coal refuse. Ex- 

cept in 1991 where elevated water-extractable A1 concentra- 

tions were observed at the 15- to 30-cm depth of the 784 Mg/ha 

biosolids treatment without clay (Figure 7A) and the 1,568 

Mg/ha biosolids treatment with clay (Figure 7B), there was no 

apparent effect of the clay treatment on water-extractable A1 

and Fe. 

COAL REFUSE NUTRIENTS AND OTHER AGRONOMIC PARAMETERS 

Available Phosphorus. .The Bray P1 available P in the 

coal refuse is presented in Figures 10 and - 11. In the 0- to 

15-cm depth, available P for all the biosolids amendments 

fluctuated, but it tended to increase with time and was much 

higher than in the unamended plot. At this depth, there were 

also no consistent differences among the biosolids application 

rates. At the 15- to 30-cm depth, available P at the 784 and 

1,568 Mg/ha biosolids rates tended to be much lower than at 
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FIGURE 10 

BRAY F l  AVATLAHLE P AT TWO DEPTHS I N  COAL REFUSE AMENDED NITH 
B I O S O L I D S  ONLY 

Biosolids 
Rate (Mglha) 1 

F -I 

1988 1990 1992 1994 1996 
YEAR 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE 11 

BRAY P1 AVAILABLE P AT TWO DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY (CLOSED 
SYMBOLS) AND BIOSOLIDS + LIME (OPEN SYMBOLS) WITHOUT (A) AND WITH (B) CLAY 
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t h e  h i g h e r  b i o s o l i d s  r a t e s .  A t  t h e  784 a n d  1,559 :J,g/ha 

blosolids r a t e s ,  t h e r e  were no c o n s i s t e n t  e f f e c t s  o f  t b e  l ime  

t rear rnent  e x c e p t  i n  t h e  15-  t o  30-cm dep th  o f  t h e  1,568 :4g/ha 

b i o s c l i d s  p l o t  amended w i t h  c l a y  i n  which t h e  a v a i l a b l e  ? i n  

most y e a r s  t ended  t o  b e  h i g h e r  t h a n  i n  t h e  p l o t  .receivir?,g no 

c l a y  {Fig~ire_LL) . 

E x t r a c t a b l e  Ammonia- and N i t r a t e - N i t r o g e n .  The ccncen-  

t r a i r l o n s  o f  e x t r a c t a b l e  NH3-N i n  t h e  c o a l  r e f u s e  a r e  p r e s e n t e d  

i n  F i g u r e s  1 2  and - 13. A t  t h e  0- t o  15-cm d e p t h ,  e x c e p t  f o r  

t n e  higher Levels  obse rved  f o r  some of  t h e  t r e a t m e n t s  i n  1 9 8 7 ,  

t h e  NH3-N l e v e l s  were s i m i l a r  and u s u a l l y  less t h a n  5C ing/kg. 

A t  -,he lower  d e p t h s ,  t h e r e  was g r e a t e r  f l u c t u a t i o n  i n  NH3-N 

c o l c e n t r a t - i o n s  . The f l u c t u a t i o n s  were most l i k e l y  3,e t o  

v a r i a t i o n s  i n  t h e  t r a n s f o r m a t i o n  of  N s p e c i e s  a s s o c i a t e d  w i t h  

mineralization of  o r g a n i c  N t o  NH3-N and t h e  n i t r i f i c a t r s n  of  

NH3--W t o  NC13-N. There  were v e r y  l i t t l e  d i f f e r e n c e s  between 

concen t r a t - i ons  o f  NH3-N i n  t h e  l imed  and u n l i m e d  trea'srr:erits 

( F i g u r e  13). Except  i n  1997 where NH3-N c o n c e n t r a t i o n  a t  t h e  

763 Mg/ha b i o s o l i d s  i n  t h e  p l o t  r e c e i v i n g  no c l a y  was ele-  

v a t e d ,  t h e r e  was no  a p p a r e n t  e f f e c t  o f  t h e  c l a y  t r e a t m e n t  

The c o n c e n t r a t i o n s  of  e x t r a c t a b l e  NO3-N i n  t h e  coal. r e f -  

u s e  a r e  p r e s e n t e d  i n  F i g u r e s  1 4  and  - 1 5 .  A t  t h e  0-- rc! 15-cm 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

EXTRACTABLE N H ~ - N  AT TWO DEPTHS IN COAL REFUSE AMENDED WITH aIosor,Ins GNLY (CLOSED 
SYMBOLS) AND BIOSOLIDS 4 LIME (OPEN SYMBOLS) WIT'IIUUT (A) AND MITE1 ( B )  CLAY 

(A) No Clav 

0 to i 5 c m  Biosolids 
Rate (Mglha) 

- -0-  784 
-4- 1,568 

80 

1988 1990 1992 1994 1996 

YEAR 

(B) Clay 
120 - Oto15cm Biosolids - 

Rate (Mglha) 

100 - - -0 - 784 - 
- 4 - 1,568 

80 - - 

60 - - 

40 - - 

-1 

1988 1990 1992 1994 1996 

YEAR 







and 15- to 30-cm depths, NO3-N concentrations rose during the 

first year, then declined rapidly from levels as high as 400 

mg/kg to nearly constant levels of less than 60 mg/kg by 1993. 

At the lower depths, the NO3-N concentrations fluctuated but 

tended to increase above the 1987 levels. The increase in 

NO3-N at the lower depths is due partly to nitrification at 

those depths and vertical movement of NO3-N from the upper 

depths. There were no consistent differences between concen- 

trations of NO3-N in the limed and unlimed treatments and be- 

tween the clay and nonclay treatments (Figure 15). 

Salinity. Soil salinity is a measure of the soluble salt 

content in soils, and it is usually measured as electrical 

conductivity (EC) of the soil extract. The EC in the coal re- 

fuse is presented in Figures 16 and - 17. There were no consis- 

tent differences between the biosolids treatments. For most 

of the treatments, the EC at the 0- to 15-cm and 15- to 30-cm 

depths increase in the first two years and then declined 

sharply afterwards tp nearly constant levels between 2.5 and 

3.5 dS/m (Figure 16). 

From 1994 to the end of the study, much lower EC values 

were observed at the 0- to 15-cm and 15- to 30-cm depths for 

the 2,240 and 2,800 Mg/ha biosolids rates. Except, in the 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE 17 

ELECTRICAL CONDUCTIVITY (EC) AT TWO DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS 
ONLY (CLOSED SYMBOLS) AND BIOSOLIDS + LIME (OPEN SYMBOLS) WITHOUT (A) AND WITH (B) 

CLAY 

(A) No Clay 
L 

5 - 
Oto15cm 

Biosolids 
Rate (Mglha) 

- - 784 4, , , , , , , , , , 1 
Gj - 4 - 1,568 
'CI 0 
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0 0 1988 1990 1992 1994 1996 

YEAR 

0 5 -  
W 

4 
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15 to 30 crn - 
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- - . 

0 
1988 1990 1992 1994 1996 

YEAR 

(B) Clay 
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I- 1 
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Rate (Mglha) - 
- -e - 784 - 

- -4- 1,568 - 
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Y \ 
' s4 . - -o - -o :  

- 
\ / \  
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- 
\ / 
x \\ - 
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firs?. three years, the EC at those two depths in the unanended 

plot was always much higher than in the amended plots, and it 

fllactuated between approximately 5 and 7.5 dS/m. This sa.Lln- 

ity in tkic? unamended plot is quite unsuitable for the growth 

of most gla:?ts. Soil EC > 3.2 dSJm is rated as str0117ii sa- 

line, an2 it can limit the growth and performance of cover 

vegetation such as that used at St. David (Soil and "ant 

Analysis Zouneil, 1999). 

At the 30- to 45-cm and 45- to 60-cm depths, t h e  EC 

tencied to increase during the initial two to three years, and 

ther: it declined to near constant levels of approximately 2.5 

to 3.C dS/m by the end of the study. At the 784 and :, 568 

Mglha blosoiids rates, the coal refuse EC tended mostly ro be 

higher I n  the unlimed treatments than in the limed trez~rrients 

(Figure 1:E.i. The EC in the clay-amended plots (Figure z) 
tended to be similar to the plots receiving no clay, except in 

the C- to 15-cm depth of the 1,568 Mg/ha biosolids rate where 

the EC was much lower in 1991 and the period from 1993 to the 

end of the study. 

Water-Soluble and Exchangeable K, Ca, Mg, and Na, The 

summary of water-soluble K, Ca, Mg and Na is presented Fa - Ta- 

bles 3 arid - 4. The summary of exchangeable K, Ca, and Mg and 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 3 

SUMMARY OF WATER SOLUBLE BASES DURING TEN YEARS AT THREE DEPTHS IN COAL REFUSE 
AMENDED WITH BIOSOLIDS ONLY 

Soil Depth (cm) 
Biosolids 0 to 15 15 to 30 30 to 45' 
(Mg/ha) Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 3 ( C o p t  in11edJ 

SUMMARY OF WATER SOLUBLE BASES DURING TEN YEARS AT THREE DEPTLlS IN COAL REFUSE 
AMENDED WITH BIOSOLIDS ONLY 

Soil Depth (cm) 
Biosolids 0 to 15  1 5  to 30 . 30 to 45' 

inimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 

 he 0, 784,  and 1,568 Mg/ha Oiosolids treatments were not monitored at the 30- to 45-cm depth. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 4 

SUMMARY OF WATER SOLUBLE BASES DURING TEN YEARS AT THREE DEPTHS IN COAL REFUSE AMENDED 
WITH BIOSOLIDS + LIME' 

Soil Depth (cm) 
Biosolids 0 to 15 15 to 30 30 to 452 
(Mg/ha) Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 

'~irne application rate = 179 Mg/ha. 
 he 784 Mg/ha biosolids treatment was not monitored at the 30- to 45-cm depth. 



exchangeable  sod ium p e r c e n t a g e  ( E S P )  i s  p r e s e n t e d  i n  .---- Tables 5 

and - 6 .  For p l o t s  amended w i t h  t h e  7 8 4  and 1 , 5 6 8  Mg/ha b i o -  

soi:,ds rat.e:; p l u s  l ime ,  t h e  d a t a  f o r  t h e  p l o t s  w i t h  arad wi th -  

o u t  c l a y  were summarized a s  t h e  mean of t h o s e  b i o s o l i c i s  plus 

l i m e  t rea t -ments  (Tab le s  4 a n d  6) hecause  t h e r e  were no  aFpar -  - 

e n t  d i f f e r e n c e s  i n  t h e  w a t e r - s o l u b l e  and  exchangeab le  con- 

s t i t d e n t s  between t h e  p l o t s  w i t h  and w i t h o u t  c l a y .  Fcr brev- 

ity, da t a  f o r  t h e  45- t o  60-cm d e p t h  a r e  n o t  i n c l u d e d  I n  t h e  

sumnary. Exchangeable sodium p e r c e n t a g e  was c a l c u l a t e d  as t h e  

molar ratio of exchangeable  Na t o  t h e  sum of  exchangeab ie  Ca 

and Yg u s i n g  t h e  formula :  

3SE' = ~ a + /  (sum of  ca2+, M ~ " ,  K', ~ a ' ,  and NH4*) E q .  1 

where a l l  c a t i o n s  a r e  i n  u n i t s  o f  cmol,/kg. 

I n  t h e  unlimed t r e a t m e n t s ,  mean w a t e r - s o l u b l e  ( T a b l e  -- 3 )  

and exchangeable  (Tab le  5) K and Mg i n c r e a s e d  w i t h  b ~ s o o l i d s  

r a t e .  There  was no c o n s i s t e n t  e f f e c t  o f  b i o s o l i d s  on mean 

concent ra t . ions  of w a t e r - s o l u b l e  Ca ( T a b l e s  3 and  4 ) '  huz ex- 

changeable? C a  t ended  t o  d e c r e a s e  w i t h  b i o s o l i d s  r a t e  ( T a k l e s  5 

and 5) , A t  t h e  7 8 4  and 1,568 Mg/ha b i o s o l i d s  r a t e s ,  wa te r -  

soli:ble Cii t ended  t o  b e  l o w e r  i n  t h e  l imed  p l o t s  compared t o  

t h e  :znlimf?d p l o t s  (Tab le  4 )  . There  were no c o n s i s t e n t e f f e c t s  

of t h e  l ime  amendment on t h e  w a t e r - e x t r a c t a b l e  o r  exchangeab le  

l e v e l s  o f  t h e  o t h e r  b a s i c  c a t i o n s .  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 5 

SUMMARY OF EXCHANGEABLE BASES AND EXCHANGEABLE SODIUM PERCENTAGE DURING TEN YEARS AT THREE DEPTHS IN 
COAL REFUSE AMENDED WITH BIOSOLIDS ONLY 

Soil Depth (cm) 
Biosollds 0 to 15 1 5  t o  30 30 t o  45' 
(Mg/ha) Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 



METR0POL)ITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

SULYMARY OF DXCHANC;EABI,E BASES A N D  RXCYRNGEABLE SODIUM PEKCEN'TAGF: DURING TEN YEARS AT THREE DEPTHS IN 
COAL REFUSE AMENDED WITH BIOSOLTDS ONI,Y 

Soil Depth (cm) 
Riosol j.ds 0 t o  15 15 to 30 30 to 45' 
(Mg/ha) Minimum Maximum Mean Minimum Maximum Mean Minimum Maximum Mean 

 h he 0, 784, and 1,568 Mg/ha biosolids treatments were not monitored at the 30- to 45-crn depth. 
2~~~ = Exchangeable sodium percentage = Exchangeable Na'/(sum of exchangeable caZ', K', ~ a * ,  and 
NH,*). All cations are i;l units of cmol,/kg. 
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Exchangeable sodium percentage (ESP) is a measure cC the 

relative aorninance of Na on cation exchange sites and 2 s  cal- 

culated as the molar ratio of Na to the cation exchange capac- 

lty (CEC) or the sum of exchangeable cations. The physical 

strxcture of solls decreases as ESP increases, and a: ESP 

greater than 15 soils are classified as "Sodic". Sodic sof-1s 

have poor structure and water transmission characteristics. 

Exchangeable sodium percentage tended to decrease w ~ t h  

depth in coal refuse and increase as biosolids rate ~ncreased 

(Tables - 5 and - 6). The maximum ESP observed was 2.5, ic Lke O- 

to 15-cm depth of the 2,800 and 3,360 Mg/ha treatments. The 

ESP in the treatments of 784 and 1,568 Mg/ha biosolids ;Table 

5) were quite similar to the treatments receiving thcse bio- - 

solids rates plus 179 Mg/ha lime (Table 6). 

HC1-EXTRACTABLE METALS IN COAL REFUSE 

HCI-Extractable Cadmium. The concentrations of ECl- 

extractable Cd in the coal refuse are presented in - -  Fiuurss 18 

and 2. In all the plots, HC1-extractable Cd fluct~ated 

throughout. ::he study and tended to decrease with depth i n  the 

coal refuse, At the 0- to 15-cm depth, extractable Ca cspcen- 

trations in the unamended plots were always lower than in the 

amended plats (Figure 18) . At the 0- to 15-cm depth, 
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e x t r a c t a b l e  Cd t ended  t o  i n c r e a s e  w i t h  b i o s o l i d s  r a t e  and was 

h i g h e r  i n  t h e  b i o s o l i d s  amended p l o t s  t h a n  i n  t h e  unamended 

p l o t .  The r a n g e s  of e x t r a c t a b l e  Cd a t  t h e  30- t o  45-cm d e p t h  

of  t h e  2,240 Mg/ha b i o s o l i d s  t r e a t m e n t  and  a t  t h e  4 5 -  t o  60-cm 

d e p t h  of  t h e  3 ,360 Mg/ha were s i m i l a r  t o  t h e  c o n c e n t r a t i o n s  i n  

t h e  t o p  30 cm of  t h e  unamended p l o t .  Except  f o r  h i g h e r  con- 

c e n t r a t i o n s  o f  e x t r a c t a b l e  Cd i n  t h e  15- t o  30-cm d e p t h  of t h e  

p l o t  amended w i t h  1 ,568  Mg/ha b i o s o l i d s  and c l a y  ( F i g u r e  19B) ,  

t h e r e  were no c o n s i s t e n t  t r e n d  o f  l i m e  o r  c l a y  e f f e c t s  on ex- 

t r a c t a b l e  Cd. 

HC1-Extractable  Chromium. The c o n c e n t r a t i o n s  of  HC1-  

e x t r a c t a b l e  C r  i n  t h e  c o a l  r e f u s e  a r e  p r e s e n t e d  i n  F i g u r e s  2 0  

and - 21.  A t  t h e  0- t o  15-cm and 15- t o  30-cm d e p t h s ,  e x t r a c t -  

a b l e  C r  c o n c e n t r a t i o n s  were a lmos t  a lways  h i g h e r  i n  t h e  

amended p l o t s  t h a n  i n  t h e  unamended p l o t  ( F i g u r e  2 0 ) .  I n  a l l  

t r e a t m e n t s ,  e x t r a c t a b l e  C r  c o n c e n t r a t i o n s  f l u c t u a t e d  d u r i n g  

t h e  s t u d y ,  b u t  i n  t h e  30- t o  45-cm d e p t h ,  i t  t e n d e d  t o  de-  

c r e a s e  w i t h  t i m e .  The c o n c e n t r a t i o n s  t e n d e d  t o  d e c r e a s e  w i t h  

d e p t h  below t h e  15- t o  30-cm d e p t h  i n t e r v a l .  A t  t h e  784  and  

1 ,568  Mg/ha b i o s o l i d s  r a t e s ,  e x t r a c t a b l e  C r  a t  t h e  0- t o  15-cm 

d e p t h  of  t h e  unl imed p l o t s  were h i g h e r  t h a n  i n  t h e  l imed  p l o t s  
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(Figzre 2 1 A ) .  -- There was no consistent effect of c:lay .sn con- 

centratlons of extractable Cr (Figure 21B). 

HC1-Extractable Copper. 
7- 

The concentrations of HC1- 

extractable Cu in the coal refuse are presented in ----- F'iqq~res 22 

and - 23. At the 0- to 15-cm and 15- to 30-cm depths jr. the 

unamended plot, extractable Cu concentrations ranged from I to 

9 rra/kg, and In most years the concentrations were lower than 

in rhe amended plots. In all the amended plots, the ca3cen- 

trations of extractable Cu in the coal refuse fluctuated 2ur- 

ing the study (ranging from 5 to 700 mg/kg) with no defined 

trend over t.ime. In most years, extractable Cu concentrarrons 

tended to decrease with depth in the coal refuse. At the 784 

and 1,568 Mg/ha biosolids rates, there was no consistect ef- 

fec; of lime or clay on concentrations of extractable Zu (F* 

ure 2 3 ) .  

WCl-Extractable Nickel. The concentrations of HC1- 

extractable Ni in the coal refuse are presented in ---- Fiqgres 24 

and - 25. Extractable Ni concentrations in the coal refuse 

fluctuazed :in all the amended plots and generally decreased 

with depth and time. At the 0- to 15-cm depth, extractable Ni 

concentrations in all treatments were always higher a in 

the unanerlded plot, and in most years, concentrations were 
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highest at the three highest biosolids rates (Figure 24). In 

most years, extractable Ni concentrations at the 30- to 45-cm 

depth of the 2,240 Mg/ha biosolids rate and at the 45- to 60- 

cm depth of the 2,800 Mg/ha biosolids rate were similar or 

slightly higher than in the surface 30 cm of the unamended 

plot. There were no consistent effects of lime or clay on the 

concentrations of extractable Ni (Figure 25). 

HC1-Extractable Lead. The concentrations of HC1- 

extractable Pb in the coal refuse are presented in Figures 26 

and 27. At the 0- to 15-cm and 15- to 30-cm depths in the - 
unamended plot, the extractable Pb concentrations ranged from 

0 to 7 mg/kg, and in most years the concentrations were lower 

than in the amended plots. In most years, extractable Pb in 

the 30- to 45-cm and 45- to 60-cm depths, increased with bio- 

solids rate. At the 784 and 1,568 Mg/ha biosolids rates, ex- 

cept for the higher concentrations in the 0- to 15-cm depth of 

the plots amended with clay, there were no consistent differ- 

ences between the extractable Pb concentrations of the limed 

and unlimed plots (Figure 27A) and the plots with and without 

clay (Figure 27B). 

HC1-Extractable Zinc. The concentrations of HC1- 

extractable Zn in the coal refuse are presented in Figures 28 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

FIGURE 27 

HC1-EXTRACTABLE Pb AT TWO DEPTHS IN COAL REFUSE AMENDED WITH BIOSOLIDS ONLY (CLOSED 
SYMBOLS) AND BIOSOLIDS + LIME (OPEN SYMBOLS) WITHOUT (A) AND WITH ( B )  CLAY 

(A) No Clay 
80 Oto15cm Biosolids 

(B) Clay 
80 Oto 15cm -I 

P I 
/ 

a , 'B 

b' k' 
/ Biosolids 

Rate (Mglha) 

I 
1988 1990 1992 1994 1996 

YEAR 





and - 29. In most years, extractable Zn concentrations in most 

of the amended plots were higher than in the unamended plot, 

ranging from nondetectable to approximately 2,000 mg/kg, espe- 

cially in the 0- to 15-cm depth. Extractable Zn tended to de- 

crease with depth in the coal refuse. In most years, extract- 

able Zn at the 0- to 15-cm depth increased with biosolids 

rate. There were no consistent effects of biosolids rate on 

Zn concentrations at the lower depths. At the 784 Mg/ha bio- 

solids rate, Zn concentrations in most years at the 0- to 15- 

cm and 15- to 30-cm depths were higher in the limed plots than 

in the unlimed plots (Figure 29A) . At the 1,568 Mg/ha bio- 

solids rate, Zn concentrations at the 0- to 15-cm depth were 

higher in the unlimed plot than in the limed plot in most 

years (Figure 29A) . There were no consistent effects of clay 

on the concentrations of extractable Zn (Figure 2 9 B ) .  

Vegetative Cover and Forage Yield 

Establishment of vegetative cover on the coal refuse is 

essential to stabilize the surface, minimize wind and water 

erosion, reduce leaching of constituents, and immobilize con- 

stituents in the vegetative tissue. Vegetative yield was 

measured only for the first and second growing seasons, 1988 

and 1989. The two-year period was very droughty, but 
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v e g e t a t i v e  c o v e r  i n  t h e  amended p l o t s  was a d e q u a t e .  Through- 

o u t  t h e  s t u d y ,  t h e  unamended p l o t  was b a r e .  

The mean f o r a g e  y i e l d  f o r  1988 and  1989 a r e  p r e s e n t e d  i n  

Table  7 .  For t h e  l imed  p l o t s ,  t h e  d a t a  were summarized a s  

means f o r  t h e  p l o t s  w i t h  and  w i t h o u t  c l a y .  There  was no  

marked d i f f e r e n c e  between t h e  f o r a g e  y i e l d s  i n  t h e  amended 

p l o t s .  Forage  y i e l d s  were u s u a l l y  h i g h e s t  on t h e  f l a t t e r  up- 

p e r  and  lower  s l o p e s  and l o w e s t  on t h e  s t e e p e r  midd le  s l o p e s .  

The l a c k  of v e g e t a t i v e  growth on t h e  unamended p l o t  i s  mos t  

l i k e l y  d u e  t o  f a c t o r s  such  a s  t h e  a c i d i c  c o n d i t i o n s  (w 
and - 5)  and  t h e  h i g h  EC ( F i g u r e  16 )  . 

C o n c e n t r a t i o n  o f  Sodium i n  Forage  

A summary o f  t h e  c o n c e n t r a t i o n s  o f  Na i n  t h e  f o r a g e  t i s -  

s u e  i s  p r e s e n t e d  i n  Tab le  8 .  For  t h e  l imed  p l o t s ,  t h e  d a t a  

were summarized a s  t h e  means o f  t h e  p l o t s  w i t h  and  w i t h o u t  

c l a y .  The Na c o n c e n t r a t i o n s  r anged  from n o n d e t e c t a b l e  t o  51 

mg/kg, and  t h e r e  were no c o n s i s t e n t  t r e n d s  r e l a t e d  t o  e f f e c t s  

of  b i o s o l i d s  o r  l i m e  a p p l i c a t i o n  r a t e s .  The f o r a g e  Na concen-  

t r a t i o n s  o b s e r v e d  are r e l a t i v e l y  low compared t o  t h e  normal  

r ange  found  i n  p l a n t  t i s s u e  (Lunt ,  1966)  and c o i n c i d e s  w i t h  

t h e  low e x t r a c t a b l e  Na l e v e l s  i n  t h e  amended c o a l  r e f u s e .  



b1STROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHYCAGO 

TABLE 7 

MEAN FORAGE YIELDS ON COAL REFUSE DURING THE FIRST TWC YZARS 
AFTER .mENDLSIENT WITH BIOSOLIDS ONLY AND BIOSOLIDS " i,l24E 

Application Rate Slope Position Year 
Biasalids Lime Sampled 1988 1989 

Upper 
Middle 
Lower 

Upper 
Middle 
Lower 

UPPe r 
Middle 
Lower 

Upper 
Middle 
Lower 

Upper 
Middle 
Lower 

UPPe r 
Middle 
Lower 

Upper 
Middle 
Lower 

Upper 
Middle 
Lower 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 8 

SUMMARY OF Na CONCENTRATIONS IN FORAGE GROWN IN COAL REFUSE 
AMENDED WITH BIOSOLIDS ONLY AND BIOSOLIDS + LIME 

Na Concentration 
Biosolids ~imel Minimum Maximum Mean 

'~ata for the limed treatments are the mean for plots amended 
with and without clay. 



Excessrve concentrations of Na in the soil can reduce the 

perfcrrcanc:e of vegetation primarily by its negative impacts on 

. " 
SQLL physical properties, and to a lesser extent by affeztzng 

plai-.t nut.rient balance. The ESP, which is a measure of the 

concentration of Na relative to the soil cation exchange ca- 

pacity, is more important than absolute soil Na concenlzations 

for assessing the potential for impact on plants. The ZSF in 

the amended coal refuse ranged from 0.1 to 2.5 (Tables 5 and 

6). A+_ these ESP levels, there is minimal potential for ad- - 

verse impacts on soil physical properties and the phys~ology 

and performance of the crop. 

There is very little documentation in the literature on 

t.he reiat.ionsnip between Na accumulation in plant tiss~e and 

the effects on plant performance. Lunt (1966) reported that 

in soil with ESP ranging from 2-5, the concentrations of Na 

ranged from 920 to 1,610 in barley (Hordeum vulgare) arad less 

than 230 mg/kg in clover (Trifolium s p p . )  . It was indicated 

that at these concentrations Na will have no significan~ im- 

pact on plant performance. 

Concentration of Metals in Forage 

Forage samples from the lower, middle, and upper slcpe of 

the coal refuse pile were collected and analyzed separarely. 



There were no consistent differences between concentrations of 

metals in samples collected from the three locations. There- 

fore, these data were combined as the mean for each plot. No 

forage tissue was available from the unamended plot. 

FORAGE CADMIUM 

The concentrations of Cd in the forage tissue are pre- 

sented in Figure 30. Cadmium concentrations fluctuated during 

the study and the highest level of about 8 mg/kg was observed 

at the 784 Mg/ha biosolids rate. Except in 1990 where Cd con- 

centrations in some treatments increased above the 1988 val- 

ues, the concentration of Cd in most of the treatments tended 

to decrease with time, and by the end of the study the concen- 

trations ranged from 2 to 6 mg/kg. At the 784 and 1,568 Mg/ha 

biosolids rates, there was no apparent effect of the lime 

treatment but forage Cd concentrations were usually lower in 

the plots with clay than in the plots without clay (Figure 

3 0 B ) .  - 

FORAGE CHROMIUM 

The concentrations of Cr in the forage tissue are pre- 

sented in Figure 31. In 1988, concentrations ranged from ap- 

proximately 10 to 22 mg/kg and tended to decrease as biosolids 

rate increased. After 1988, Cr concentrations decreased 
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FIGURE 30 

CONCENT2ATIONS OF Cd IN FORAGE GROWN IN COAL REFUSE AMENDED 
WITH RIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITWOUT 

(30LLD LINES) AND WITH (BROKEN LINES) CLAY 
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FIGURE 31 

CONCENTRATIONS OF Cr IN FORAGE GROWN IN COAL REFUSE AMENDED 
WITH BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 

0 

1988 1990 1992 1994 1996 

YEAR 



s h a r p l y ,  rc;nglng f rom n e a r l y  n o n - d e t e c t a b l e  l e v e l s  t o  a b o u t  

2 . 5  r;ig/kg ( e x c e p t  f o r  s l i g h t l y  h i g h e r  c o n c e n t r a t i o n s  in 1990)  

a n d  r e m a i n e d  at t h e s e  l e v e l s  f o r  t h e  r e m a i n d e r  of t'rie s t u d y  

w i t h  no c o n s i s t e n t  differences b e t w e e n  t h e  t r e a t m e n t s .  At t h e  

784 a n d  2 , 3 6 8  Mg/ha b i o s o l i d s  ra tes ,  t h e r e  w a s  v e r y  l i t t l e  

d i f f e r e n c e  between t h e  u n l i m e d  ( F i g u r e  31A) a n d  l i m e d  ( F i g u r e  

319)  p l o t s .  T h e r e  was v e r y  l i t t l e  d i f f e r e n c e  be tweep  t h e  - 

plots amelided w i t h  and  w i t h o u t  c l a y  ( F i g u r e  3 1 B ) .  The e x c e p -  

t i a n s  t o  t h i s  were i n  1988 w h e r e  c o n c e n t r a t i o n s  were l o w e r  i n  

t h e  clay--amended p l o t s ,  a n d  i n  1990  where  t h e  c o n c e s r r a t i o n s  

a t  t h e  1 , 5 6 8  Mg/ha b i o s o l i d s  r a t e  were h i g h e s t  i n  t h e  c l a y  

amended ~ l . o t .  

FOXAGE COPPER 

The c o n c e n t r a t i o n s  o f  Cu i n  t h e  f o r a g e  t i s s u e  a r e  p r e -  

s e n c e d  i n  - F l g u r e  32.  I n  1988 ,  t h e  f o r a g e  Cu c o n c e n t r a t i o n s  

r a n g e d  from 1 3  t o  29 mg/kg. A f t e r  t h e n ,  t h e  c o n c e n t r a " t i o n s  

d e z r z a s e d  s n a r p l y  i n  1989,  i n c r e a s e d  i n  1990 ,  a n d  tnen de-  

c r e a s e d  g r -a t lua l ly  d u r i n g  t he  r e m a i n d e r  o f  t h e  s t u d y  to I z v e l s  

r a n g i n g  f rom 4 . 5  t o  5 . 5  mg/kg.  A t  t h e  784  a n d  1 , 5 6 9  I.lg/ha 

b i o s o l i d s  r a t e s ,  t h e r e  was no n o t e w o r t h y  d i f f e r e n c e  i n  f o r a g e  

Cu between t h e  un l imed  p l o t s  ( F i g u r e  3 2 A )  a n d  t h e  lined p l o t s  

( F l q u r e  B). The t r e n d  i n  f o r a g e  Cu was s i m i l a r  b e t w e e n  t h e  
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FIGURE 32 

CONCENTRATIONS OF Cu IN FORAGE GROWN IN COAL REFUSE AMENDED 
WITH BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 

1988 1990 1992 1994 1996 

YEAR 



plots amended with and without clay (Figure 32B), except in 

1958 where Cu concentration was highest in the plots receiving 

no e-ay. 

FORRGE N I C K 2 L  

The ccncentrations of Ni in the forage tissue are pre- 

sented in E'igurex. In 1988, the forage Ni concentrations 

rancjed from 8 to 18 mg/kg and there was no apparent eftect of 

biosol,i.ds application rate. Except for increased Ni levels in 

some treatments during the period of 1989 to 1991, Ni concen- 

trations {decreased with time after 1988, and ranged from 1.5 

to 5.5 mglkg by the end of the study. In most years, forage 

Ni concentrations at the 784 and 1,568 Mg/ha biosolias rates 

tended to be higher in the unlimed plots (Figure 33A5 than in 

the limed  lots (Figure 3 3 B ) .  There were no consistelzr dif- 

fersnces becween the plots amended with and without clay (Fig- 

ure 33B). 

FORAGE LEAD 

The concentrations of Pb in the forage tissue are pre- 

se:?ted in -- Figure 34. In all the plots, the forage Pb ccncen- 

trations were highest in 1988, ranging from 4.6 to 9.2 ~igikg. 

After then, the concentrations decreased sharply, and i n z  most 

plsrs they remained below 1 mg/kg for the remainder 3 f  the 
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FIGURE 33 

CONCENTRATIONS OF Ni IN FORAGE GROWN IN COAL REFUSE AMENDED 
WITH BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 

1992 

YEAR 
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FIGURE 34 

CONCENTRATIONS OF Pb IN FORAGE GROWN IN COAL REFUSE 
WITS BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) W 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 
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study. There was no consistent trend related to biosolids 

loading rate on forage Pb concentrations. At the 784 and 

1,568 Mg/ha biosolids rates, forage Pb concentrations in 1988 

were higher in the unlimed plots (Figure 34A) than in the 

limed plots (Figure 3 4 B ) .  Then, there were no consistent ef- 

fects from lime during the remainder of the study. The con- 

centrations of Pb in the plots treated with and without clay 

were similar, except in 1988 and 1990 at the 1,568 Mg/ha bio- 

solids rate where the Pb concentrations were higher in the 

clay-treated plot (Figure 34B) . 

FORAGE ZINC 

The concentrations of Zn in the forage tissue are pre- 

sented in Figure 35. Except for a few fluctuations, forage Zn 

concentrations decreased gradually with time after 1988, and 

the lowest concentrations were observed mostly in 1994 and 

1995. In 1996, the forage Zn concentrations tended to in- 

crease, ranging from 76 to 160 mg/kg. In the unlimed plots, 

there was no consistent effect of biosolids application rate 

on the forage Zn concentrations (Figure 35A). Except in 1988, 

forage Zn concentrations in the plots amended with 179 Mg/ha 

lime tended to be higher at 1,568 Mg/ha than at the 784 Mg/ha 

biosolids rate. In most years, forage Zn concentrations at 
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FIGURE 3 5  
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the 784 and 1,568 Mg/ha biosolids rate were higher in the un- 

limed plots (Figure 35A) than in the limed plots and higher in 

the plots having no clay than in the plots amended with clay 

(Figure 35B) . 

COMPARISON OF METAL UPTAKE IN FORAGE TISSUE WITH USEPA PART 
503 BIOSOLIDS RISK ASSESSMENT MODEL 

The mass of metal applied through biosolids application 

and the concentrations of metal in the forage tissue were used 

to determine metal uptake coefficients (UC) according to the 

approach used in the USEPA Part 503 risk assessment model. In 

this approach, the UC is derived as the slope of the linear 

regression model of soil metal loading (kg metal/ha) vs. metal 

concentration in the plant tissue (mg metal/kg tissue). The 

UC values were used in the Part 503 risk assessment model to 

predict the increase in plant tissue metal concentration that 

results from plant uptake of metals from biosolids applica- 

tion. 

The Part 503 risk assessment Pathway 6 is intended to 

protect animals that ingest plants (forage and grain) grown on 

biosolids-amended soil. This pathway evaluates the metal 

transfer path: 

Biosolids 4 Soil + Plant -+ Animal 



In this study, the soil metal loadings for the nrne 

treazments (n = 9) were regressed against the forage tissue 

metal ccrr1centrat.ions in each year, and the UC values were es- 

tiinaced as the slopes of the regression equations. The UC 

vai;les derived were compared to the UC values used the Part 

503 risk assessment Pathway 6. 

A scrrmary of the UC values obtained by regression anaiy- 

sis of the data in each year for the six metals evaluated in 

the forage grown on the amended coal refuse are presen-_ed in 

TabLe 9.  The UC' values used for Pathway 6 of the USEPA Part --- 

503 risk assessment are also presented for comparison. In 

most years, the correlation coefficient (r) of the regression 

was not statistically significant at the 5 percent probability 

level (r < 0.67, n = 9 ) .  The data in Table 9 show that the 

response of metal concentrations in forage to biosolids metal 

loading ranged from negative to positive, resulting in UC val- 

ues ranging from negative to positive. All the maxinum UC 

values computed were much lower than UC values predizted in 

the Part 503 risk assessment model. 

Chemical Characteristics of Surface Water Runoff 

S~rface water runoff was sampled quarterly every year 

frcm! collection devices that were installed in the middle of 
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TABLE 9 

METAL UPTAKE COEFFICIENTS (UC)' FOR FORAGE GROWN ON COAL 
REFUSE AMENDED WITH BIOSOLIDS ONLY AND BIOSOLIDS + LIME 

Metal Minimum Maximum Mean Part 503' 

'UC = slope of the regression metal concentration in forage 
tissue (mg/kg) vs. biosolids metal loading ( k g / h a ) .  

2 Uptake coefficients used for Agricultural Pathway 6 of the 
USEPA Part 503 Risk Assessment. 

3~~ = No data. 



t h e  lower s l o p e  i n  each  t r e a t m e n t .  I n  some sampl ing  FerLods, 

sample volumes were i n s u f f i c i e n t  t o  c o n d u c t  a n a l y s e s .  

SURFACE WATER pH AND ACIDITY 

The pH of  s u r f a c e  w a t e r  r u n o f f  i s  p r e s e n t e d  i n  F ~ g c r e  3 6 .  

The pH 3f s u r f a c e  runo f f  from t h e  unamended p l o t  was r e l a -  

t i v e l y  c o n s c a n t  d u r i n g  t h e  s t u d y ,  r a n g i n g  f rom pH 2 . 3  t o  3 . 0 .  

Excep t  i n  the p l o t  amended wi th  784 Mg/ha b i o s o l i d s  o n l y ,  

where s u r f a c e  runo f f  pH f l u c t u a t e d  be tween  pH 3 . 5  and  E . 4 ,  t h e  

e f f e c t i v e n e s s  of a l l  t h e  amendments i n  c o n t r o l l i n g  t h e  p H  of  

s u r f a c e  r u n o f f  was s i m i l a r ,  f l u c t u a t i n g  be tween  pH 6 . 2  tz 7.8. 

The s u r f a c e  wa te r  runo f f  a c i d i t y  i s  p r e s e n t e d  in F i g u r e  

3 7 .  I n  t h e  unamended p l o t ,  s u r f a c e  r u n o f f  a c i d i t y  was u s s a l l y  - 

much h i g h e r  t h a n  i n  t h e  amended p l o t s ,  and  it f l i ~ c t z a t e d  

w ide ly  d u r i n g  t h e  s t u d y ,  r a n g i n g  f rom a p p r o x i m a t e l y  10 t o  

8 ,500  mg/L ( I n s e r t ,  F i g u r e  3 7 )  . Excep t  i n  t h e  un l imed pl .st of  

t h e  7 8 4  P g i h a  b i o s o l i d s  a p p l i c a t i o n  r a t e ,  where t h e  a z l a i t y  

f l u c t u a t e d  t o  l e v e l s  up t o  460 mg/L, t h e  a c i d i t y  xn t h e  

amended p l -o t s  was u s u a l l y  l e s s  t h a n  2 5  mg/L d u r i n g  tke szudy .  

There was no c o n s i s t e n t  e f f e c t  of  t h e  c l a y  amendment on s u r -  

f a c e  r u n o f f  a c i d i t y  ( F i g u r e  3 7 B )  . 

The s u r f a c e  w a t e r  r u n o f f  a l k a l i n i t y  i s  p r e s e n t e d  IT: f i g -  

u r e  38.  There  was no measurab le  a l k a l i n i t y  i n  t h e  x~arnended  
p- 
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FIGURE 36 

pH OF SURFACE WATER RUNOFF FROM COAL REFUSE AMENDED WITH 
BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT (SOLID 

LINES) AND WITH (BROKEN LINES) CLAY 

s t -  Rate (Mglha) 4 

Sample Date 
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FIGURE 37  

ACIDITY OF SURFACE WATER RUNOFF FROM COAL REFUSE AMEN3ED WITH 
ElOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT (SOLID 
LINES) APJD WITH (BROKEN LINES) CLAY. THE INSERT SHOWS C.%TI-: 

FOR THE UNAMENDED PLOT 

Sample Date 
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FIGURE 38 

ALKALINITY OF SURFACE WATER RUNOFF FROM COAL REFUSE AMENDED 
WITH BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 
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p l o t .  I n  a l l  t h e  p l o t s ,  a l k a l i n i t y  f l u c t u a t e d  wide ly ,  irld i n  

most y e a r s  t h e  a l k a l i n i t y  was lowes t  i n  t h e  un l imed p l z t  o f  

t h e  7 8 4  Mg/ha b i -oso l id s  r a t e .  There was no c o n s i . s t e n t  e f f e c t  

of b i o s o l i d s  l o a d i n g  r a t e ,  l ime ,  o r  c l a y  on s u r f a c e  runoff a l -  

k a l i n i t y .  

SURFACE WATER BOD5, SUSPENDED SOLIDS, AND SOLUBLE SALTS 

A summary of  BOD=,, suspended s o l i d s ,  and  s o l u b l e  s a l t s  i n  

che s u r f a c e  wa te r  runof f  i s  p r e s e n t e d  i n  T a b l e  10. - "or t h e  

7 8 4  and 1 ,568  Mg/ha b i o s o l i d s  r a t e s ,  d a t a  f o r  t h e  l imed  p l o t s  

were summarized a s  t h e  mean f o r  t h e  p l o t s  w i t h  and w ~ t h o u t  

c l a y .  The l e v e l s  of TSS, TDS, and SO4 i n  t h e  amended p l o t s  

were much lower  t h a n  i n  t h e  unamended p l o t .  The EC Teve l s  

were a l s o  h i g h e s t  i n  t h e  unamended p l o t .  The concenrrat : ions  

of C 1  t ended  t o  i n c r e a s e  wi th  b i o s o l i d s  a p p l i c a t i o n  r a t e .  

There  were no c o n s i s t e n t  e f f e c t s  o f  b i o s o l i d s  l o a d i n g  r a t e  on 

t h e  l e v e l s  o f  t h e s e  s u r f a c e  runof f  c o n s t i t u e n t s .  The 2 e v e l s  

of TDS, EC, C 1 ,  and SO4 t e n d e d  t o  be  h i g h e r  a t  t h e  b inso l - id s  

application r a t e  of 3 ,360 Mg/ha than  i n  t h e  o t h e r  t r e a t m e n t s ,  

b u t  t h e s e  l e v e l s  were lower  t h a n  t h o s e  o b s e r v e d  i n  Che una- 

mended p l o t .  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 10 

SUMMARY OF BOD,, TOTAL SUSPENDED SOLIDS (TSS), AND CONCENTRATIONS OF SALTS 
IN SURFACE RUNOFF FROM COAL REFUSE AMENDED WITH BIOSOLIDS ONLY AND 

BIOSOLIDS + LIME 

No Lime Limed (179 Mg/ha) 
Biosolids Minimum Maximum Mean Minimum Maximum Mean 
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TABLE 10 (Continued) 

SUPMARY OF BOD5, TO'I'AL SUSPENDED SOLIDS (TSS), AND CONCENTRATIONS C F  SALTS 
IN SURFACE RUNOFF FROM COAL REFUSE AMENDED WITH BIOSOLIDS ONLY AUD 

BIOSOLIDS + LIME 

No Lime Llmed (179 Mg/na) 
Bioscllds Minimum Maximum Mean Minlmum Maximum Mean 



SURFACE WATER NUTRIENTS 

The concentrations of nutrients (NH3-N, NO3-N, and total 

P) in the surface water runoff are presented in Figures 39 

through 41. In all the plots, the concentrations of those nu- 

trients fluctuated durlng the study, and in the amended plots 

most of the highest concentrations occurred during the earli- 

est period of the study. For NH3-N (Figure 39) and NOs-N (Fig- 

ure 40), most of the occurrences of elevated levels ("spikes") 

were in the unamended plot (NH3-N only) and at the 3,360 Mg/ha 

biosolids loading rate (NH3-N and NO3-N) . Most of the occur- 

rences of elevated total P concentrations ("spikes") occurred 

in the unamended plot. During the 1994 to 1996 period, when 

the last surface runoff samples were collected from the plots, 

concentrations in the amended plots were less than 2 mg/kg 

NH3-N (Figure 39), less than 40 mg/L N03-N (Figure 40), and 

less than 5 mg/L total P (Figure 41). There were no consis- 

tent differences between the limed and unlimed plots and be- 

tween the plots with and without clay (Figure 39B,  - 40B, and 

41B) . - 

SURFACE WATER METALS 

The maximum and mean concentrations of metals in the sur- 

face water runoff are presented in Table 11. For the 784 and 
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FIGURE 39 

AYPIOMIA-N IN SURFACE WATER RUNOFF FROM COAL REFUSE mEN3ED 
WITH ATOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITESUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 
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FIGURE 40 

NITRATE-N IN SURFACE WATER RUNOFF FROM COAL REFUSE AMENDED 
WITH BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT 

(SOLID LINES) AND WITH (BROKEN LINES) CLAY 
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FIGURE 41 

TOTAL P IN SURFACE WATER RUNOFF FROM COAL REFUSE AMENDED WITH 
BIOSOLIDS ONLY (A) AND BIOSOLIDS + LIME (B) WITHOUT (SOLID 

LINES) AND WITH (BROKEN LINES) CLAY 

Biosolids 4 
Rate (Mglha) 

'87 '88 '89 '90 '91 '92 '93 '94 '95 '96 

Sample Date 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE 11 

SUMMARY~ OF METAL CONCENTRATIONS IN SURFACE RUNOFF FROM COAL 
REFUSE AMENDED WITH BIOSOLIDS ONLY AND BIOSOLIDS + LIME 

No Lime Limed (179 Mg/ha) 
Biosolids Maximum Mean Maximum Mean 
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TABLE 11 (Continued) 

SUYNA~Y~ OF METAL CONCE:NTRATIONS IN SURFACE RUNOFF FROM COAL 
REFUSE AMENDED WITH BIOSOLIDS ONLY AND BIOSOLIDS + LIKE 

- fJo Lime Limed (179 Mglha) 
Biosolids Maximum Mean Maximum Mean 
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TABLE 11 (Continued) 

SUMMARY~ OF METAL CONCENTRATIONS IN SURFACE RUNOFF FROM COAL 
REFUSE AMENDED WITH BIOSOLIDS ONLY AND BIOSOLIDS + LIME 

No Lime Limed (179 Mg/ha) 
Biosolids Maximum Mean Maximum Mean 

l~inimum concentrations observed for all metals were below 
their detection limits. 



1,568 TJig/ha biosolids rates, data for the limed p i ~ t s  were 

suwar-lzed as the mean for the plots with and without c l a y .  

The minimum concentrations of all the metals were below their 

detection limits. The concentrations of all metals :espe- 

cia1l.y Al, Fe, Mn, and Zn) were higher in the unamended plot 

t h a n  in the amended plots. In the amended plots, the mean 

ccncentra~ions of Cd, Cu, Ni, and Zn were higher at the 784 

Mgika biosolids application rate than at the 1,568 MgJha bio-  

solids application rate. The mean concentrations of Fe, Cu, 

Ni, and :An tended to be higher in surface runoff f r a m  the 

3,360 Mg/ha biosolids-amended plot than from other amended 

plots. At the 784 and 1,568 Mg/ha biosolids application 

rates, rnean concentrations of Al, Cd, Cu, and Zn were 3b;~~ialiy 

lower in the limed plots than in the unlimed plots. 



DISCUSSION 

The biosolids and biosolids plus lime amendments sus- 

tained the long-term amelioration of the coal refuse to condi- 

tions suitable for plant growth by decreasing the soil acidity 

and increasing the availability of essential plant nutrients. 

The 784 and 1,568 Mg/ha biosolids application rates were more 

effective when they were applied together with 179 Mg/ha lime 

as compared to when the biosolids were applied without lime. 

However, the effectiveness of the biosolids treatments at 

rates greater than 1,568 Mg/ha without lime was similar or 

greater than the treatments where lower biosolids rates were 

applied together with lime. The effect of biosolids on pH and 

acidity of the coal refuse was most prominent at the surface, 

where the amendments were applied, then decreased with depth 

in the profile. 

Pietz et al. (1989a) compared treatments that included 

combinations of biosolids (542 Mg/ha), lime (90 Mg/ha), and 

gypsum (112 Mg/ha) for reclamation of coal refuse at the same 

site where the current study was conducted. They found that 

the biosolids plus lime amendment was the most effective in 

controlling acidity and pH in the 0- to 15-cm depth of the 

coal refuse, with an acidity less than 2 cmol,/kg and a pH of 



apprcxlnately 5.0. The authors concluded that the effective- 

ness of the treatments might be greater at higher blos01i .d~  

application rates. Throughout the current study, the treat- 

ments of '784 and 1,568 Mg/ha biosolids application races plus 

lime maintained the pH between 5.9 - 7.0 (Figure - 3)  c ; ~ d  the 

acidity to less than 2.0 cmol,/kg in the 0- to 15-cm a ~ ~ t h  of 

the coal refuse. 

Except for the higher concentrations of Cu and 2b in 

1986, r.he concentrations of metals in the forage tissue were 

withln the range found in forage grown in coal refuse acended 

with biosolids and gypsum (Pietz et al., 1989b). The decrease 

in concentrations of metals in the forage tissue after the 

initial response to the treatments is indicative of a decrease 

in the b1oavail;lbility of the biosolids-applied metais with 

timz Thzs response was similar to the observations of Sopper 

(1993). Except for Cr (1987) and Cd, the concentraticr,~ of 

metals in the forage tissue were lower than the suggestea per- 

missible levels for trace metals in agronomic crops {Scpper, 

1993). 

The relatively high concentrations of Cd in the forage 

tissue were due to the relatively high concentration of Cd in 

the biosc:iids used in the study (76 mg Cd/kg; Table 23 . Con- 

centrations of Cd in biosolids currently produced a:- the 



District are usually less than 5 mg Cd/kg. Therefore, if cur- 

rent District biosolids are applied to non-acidic soils at 

even higher rates than those used in this study, it is quite 

unlikely that Cd levels in the crops will exceed the permissi- 

ble or phytotoxic levels. The transfer of metals from the ap- 

plied biosolids to forage tissue observed in this study was 

lower than that predicted for forage in Pathway 6 of the USEPA 

Part 503 risk assessment model. 

The suitability and application rate of amendments for 

reclamation of disturbed lands such as coal refuse material 

requires an evaluation of the benefits and impacts associated 

with the amendments. The primary benefits derived from the 

biosolids used for reclamation of the coal refuse were: (1) 

they increased the pH and reduced acidity, (2) they increased 

availability of essential plant nutrients, and (3) they in- 

creased organic matter content which improved the physical 

properties of the soil. The potential negative impacts of 

biosolids in land reclamation were initially the excessive 

levels of soluble salts and nutrients at the high loading 

rates. 

In this study, the biosolids amendments ameliorated the 

coal refuse and improved the plant root environment by de- 

creasing the acidity, increasing the pH, and decreasing the 



sa1;nlty. In the amended plots, the EC levels in the root 

zone tended to increase with the biosolids applicati~~ rate 

durlng the first. two years, but with time the soluble salts 

were leached to the lower depths and the EC in treatments 

merged tc almosti similar levels. Therefore, the soluble salt 

content of biosolids is not a major long-term concern f o r  rec- 

lamation and revegetation of coal refuse. 

The high concentrations of nutrients in biosolicis Fres- 

ents a potential concern for off-site movement by leackrng and 

surface run~ff. Immediately following biosolids applica~r~ns, 

surface runoff is a pathway for potential off-site losses of 

soluble NH3-N, NO3-N and P, and NO3-N is prone to leaching. 

Withln a few years after biosolids application, the crganic 

matter and slow:Ly soluble P compounds replenish the sciuble 

levels o C t h e s e  nutrients, minimizing the potential for 

losses. The potential for off-site movement of nutrier??.: as- 

sociated with biosolids application is directly relared to 

ioading rates. 

Therefore, in developing the recommended rates ~f bio- 

sollds application for the reclamation of disturbed lands, 

such as coal refuse piles, the loading rate should be tailored 

t.o rnznirnize the potential for detrimental impacts on the wa- 

tershed while optimizing the root zone for establishing 



vegetation and maintaining it for the long term. In this re- 

gard, it is important to also consider the potential for 

leaching and surface runoff of nutrients and metals when ap- 

plying biosolids because with time the established vegetation 

will reduce the surface water runoff and leaching 

For reclamation of coal refuse with forage vegetation, as 

used in this study, most of the plant roots are in the upper 

30-cm (root zone) of the coal refuse. Therefore, amelioration 

of this layer can be considered as a sufficient reclamation 

goal. Throughout the study, the treatment receiving 1,568 

Mg/ha biosolids plus 179 Mg/lime was nearly as effective in 

ameliorating the upper 30-cm soil layer and maintaining the 

pH, acidity, and EC as the higher biosolids loading rates. 

Among the treatments tested in this study, the 1,568 

Mg/ha biosolids plus 179 Mg/ha of lime treatment would be rec- 

ommended for reclamation of coal refuse under similar site 

conditions and goals. This treatment presents the best combi- 

nation for effectively reclaiming the coal refuse and minimiz- 

ing the potential for excessive losses of nutrients through 

surface runoff and leaching. 
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APPENDIX A1 

CONCENTRATIONS OF CONSTITUENTS IN COAL REFlJSE 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-1 (Continued) 

COAL REFUSE pH IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

P l o t  Number  
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-2 (Continued) 

COAL REFUSE EC (dS/m) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 1 0  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AT-2 ( C o n t i n u e d )  

COAL REFUSE EC (dSirn) IN TEN PLOTS ON ST. DAVID COAL REFUSE FILE 

P l o t  Number ---- 
Year 1 2 3 4 5 6 '7 8 9 1 0  
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-3 (Continued) 

COAL REFUSE ORGANIC CARBON ( % )  IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-3 (Continued) 

COAL REFUSE ORGANIC CARBON ( % )  IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 

'plots with missing data were not monitored at these depths. 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-4 (Continued) 

COAL REFUSE WATER-SOLUBLE ACIDITY (cmol,/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 





r
-

m
r

n
o

r
i

~
m

~
~

m
w

 
m

m
w

m
m

m
m

m
m

m
 

m
m

m
m

m
m

m
m

m
m

 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AT-') 

COAL RETUSE KCl-EXTRACTABLE ACIDITY' (crnulc/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE P I L E  

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CtiICAGO 

TABLE AI-5 (Continued; 

C0P.L REFUSE KC1-EXTRACTABLE ACIDITY' ( c n o l , / ~ g )  IN TEN PLOTS ON ST. DAVJD COAL R E F U S E  PILE 

Plot Number -- 
Year I 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATICN DISTRICT OF GREATER CHICAGO 

TABLE, A b - -  2 

COAL REFUSE XCI-EXTRACTABLE C a  (nay/kgj IN TEN PLOTS ON ST. D A V I D  COAT, REFUSE P I L E  

P l o t  Number -- - 
Year 1 2 3 4  5 6 7 8 9 1 0  

ND 
17,754 
N D 
ND 

24.915 
17,512 
1 4 , 7 7 5  
? 0 , 1 1 3  

a, oao  
i b , ~ ' 6 5  
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METROPOTAITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TADLF. A C-8 

COAT., REFUSE KCI-EXTRACTABLE Mg (rng/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PXZE 

Plot Number  
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER C H I C A G O  

TABLE A T - X O  

COAL REFUSE KCI-EXTRACTABLE Fe (rng/kg) IN TEN PLOTS ON S T .  D A V I D  COAL REFUSE P I L E  

P l o t  Number  
Y e a r  1 3 3 4 5 6 7 8 9 10 
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METROPOIATTAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

1'AHLgF: A 1 - 1 1 

COAL REFUSE WATER-EXTRACTABLE A1 (rng/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE P I L E  

. -- - - "- - - *u -- 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TAALE AI-12 

COAL REFUSE WATER-EXTRACTABLE Ca (rng/kg) IN 1EN PLOTS ON ST. DAVID COAL REFUSE P I L E  

----- -- -- 

Plot Number -- 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

'TABLE A l - l  3 

COAL FEFUSE WATER-XXTRACTABLE Mg ( r n g i k g )  IN TEN PLOTS ON ST. DAVID CGAL REFUSE P I L E  

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10  
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

'I'AHL'E AI-1.4 

COAL REFUSE WATER-EXTRACTABLE Na (rng/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Flot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-17 (Continued) 

COAL REFUSE HC1-EXTRACTABLE Cd (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 

'plots with missing data were not monitored at these depths. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE Ai-IP 

COAL REFUSZ RCl-EXTRACTABLE C r  (rny/ky) IN TEN PLOTS ON S T .  D A V I D  COAL REFUSE P l L E  

P l o t  Number -- A 

Year 1 2 3 4 G 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

COAL REFUSE WC1-EXTRkCTABLE Cu ( m y i k g )  IN TEN PLOTS ON ST. DAVTD COAL XEFUSk: P I L E  

- - - ---- 

Plot Number -- 
Year 1 2 3 4 5 6 7 8 9 10 





METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A I - 2 0  

COAL REFUSE HC1-EXTRACTABLE Ni (mg/ka)  IN TEN PLOTS ON ST. DAVID COAI, REFUSE P I L E  

Plot Number - -- . - - 
Year 1 2 3 4 5 G 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CIIICP.GO 

TABLE A I - 2 1  

COAL REFUSE NC1-EXTRACTABLE Pb (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PTLE 

-- - - - -- 

Plot Number ---- 
Year 1 2 3 4 5 6 7 8 9 1 0 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A f - 2 %  

COAL REFUSE RC1-EXTRACTAELE Zn (mg!kgl IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

-- -- 

Plot Mumher 
Year 1 2 3 4 5 6 7 8 9 10  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AX-22 (Continued) 

COAL REFUSE HC1-EXTRACTABLE Zn (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 

'plots with missing data were not monitored at these depths. 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

COAL REF'.JSE HC1-EXTRACTA8LE A 1  (mcj/kcj) IN TEN PLOTS ON ST. DAVID COAL, REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 1 0  
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METROPOLITAN WATER SECLAMATION DISTRICT OF GREATER CHICAGO 

COAL REFUSE HC1-EXTKRC'IABLE E"e (mg/kg) IN TEN PLOTS UN S T .  T)AViU COAL REFUSE P I L E  

P l o t  Number .- -- 
Year 1 2 3 4 5 6 ' I  8 9 1 0 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE iiX - 2 5 

COAL REFUSE HCI-EXTRIICTABT,E Mn (mg/kg) 1K TEN PLOTS OM ST. DAVID COAL REFUSE PILE 

-- Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DTSTRICT OF GREATER CHICAGO 

TABLE A I - - 2 6  

COAL REFUSE KCL-EXTRACTABLE NH3-N (rnq/kq) IN TEN PLOTS ON ST. D A V I D  COAL REFUSE P I L E  

Plot Number 
1 

- 
Year 2 3 4 5 6 7 8 9 1 0  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-26 (Continued) 

COAL REFUSE KC1-EXTRACTABLE NH,-N (rng/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 



METROPOLITAN WATER RECLAMATION DISTRICT O F  GREATER CHICAGO 

TABLE A 1  -26 ( C o r i L l n ~ e d )  

COAL REFUSE: KC1-EXTRACTABLE NH3-N ( rnqlkg)  I N  TEN PLOTS ON S T .  D A V I D  COAL REFUSZ PILE 

- ~ -~ "-" ~ -,--- ~ 

P l o t  Number 
Year 1 2 3 4 5 6 7 8 9 10 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-26 (Continued) 

COAL REFUSE KC1-EXTRACTABLE NH3-N (mg/kg) I N  TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 1 0  

'plots with missing data were not monitored at these depths. 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A i - 2 7  (Concinuedi 

COAL REFUSE KCI-EXTRACTABLE N O j - N  [rng/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

---.------- - -- - - - - 

P l o t  N u m b e r  
Year 1 2 3 4 5 6 7 8 5 1 0  
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METROPOLITAN WATER RECLAMATION D I S T R I C T  O F  GREATER CHICAGO 

TABLE: AI-28 

COAL REFUSE BRAY P 1  AVAILABLE P ( m g / k g )  IN TEN PLOTS ON S T .  DAVID COAL REFUSE P I L E  

Plot N u m b e r  
Y e a r  1 2 3 4 5 6 7 8 9 I 0  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

,TABLE AI-28 (Continued) 

COAL REFUSE BRAY P1 AVAILABLE P (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-29 

COAL REFUSE TOTAL P (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9  1 0  



~1ETRGFGLITAN WATER RECLAMATION D I S T R I C T  O F  GREATER CHICAGO 

TABLE A S - 2 9  (Cont inued;  

COAL REFUSE TOTAL P (rngikg) I N  TEN PLOTS ON S T .  DAVID COAL REFUSE P I L E  

P l o t  Number 
Year 1 2 3 4 5 6 7 8 9 10 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-29 (Continued) 

COAL REFUSE TOTAL P (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

COAL REFUSE TOTAL P [mg/kg) IN TEN PLOTS ON S T .  DAVID COAL REFUSE PILE 

P l o t  Number 
Year 1 2 ., 2 4 5 6 7 8 9 10 

' p l o t s  w i t h  m i s s i n g  d a t a  were n o t  moni tored  a t  t h e s e  d e p t h s .  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-30 

COAL REFUSE TKN (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 10 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AI-31 

COAL REFUSE EXCHANGEABLE Ca (mg/kg) IN TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

Plot Number 
Year 1 2 3 4 5 6 7 8 9 1 0  



METROPOLITAN WATER RECLAMATION DISTRXCT OF GREATER CHICAGO 

TABLE A I - - 3  L (Ccncinued) 

COAL REFUSE EXCHANGEABLE C a  (mg/kg)  I N  TEN PLOTS ON ST. DAVID COAL REFUSE PILE 

P l o t  Number 
Year  1 2 3  4  5 6  7  8  9 1 0  

1987  3 , 9 3 5  4 , 3 4 3  
1988  29 ,388  25 ,165  
1989  1 8 , 2 8 2  5 , 7 4 6  
1990  2 , 6 0 1  19 ,860  
1 9 9 1  3 6 , 5 1 3  32,704 
1992  35 ,583  1 8 , 4 1 0  

1 9 9 3  2 7 , 9 2 0  30,288 
1994 1 2 , 2 8 4  1 6 , 0 7 6  
1995  3 4 , 7 4 8  29 ,  092 
1996  32:WJi  ~ Y , i l i  

' p l o t s  with m i s s i n g  data were n o t  m o n i t o r e d  at t h e s e  d e p t h s .  
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TAS1,E AT-?? (Continued) 

COAL REFUSE EXCHANGEABLE Mq (mg/kq) 1N TEN PLOTS ON ST. OAVID COAL REFUSE PILE 

Plot Number 
Year 1 7 3 4 5 6 7 8 9 10 

'~lots with missing data were not monitored at these depths. 
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APPENDIX A11 

CONCENTRATIONS OF METALS IN FORAGE TISSUE 



METROPOLITAN WATER RECLAMATIDN DISTRICT OF GREATER CHICAGO 

TABLE A I I - i  

CONCENTRATION OF METALS IN FORAGE GROWN ON TEN PLOTS ON ST. D A V I D  COAL RF;F'IISF; PTLE ANENDED W i ' Y f i  
RTOSO1,TDS AND SZOSOLXDS + LIME 

Plot Number -- ----- 
Year 2 3 4 5 6 7 8 9 10 



I I 
I 

I 
I 

I 
I I 

I 
r

~
w

m
~

c
r

~
r

l
m

w
 

I 
r

l
m

w
m

o
m

m
o

o
 

I 
N

W
W

V
N

O
W

W
U

I
 

I 
m

~
r

l
m

m
v

c
~

~
*

~
~

m
 

.
.

.
.

.
.

.
.

.
 

.
.

.
.

.
.

.
.

.
 

I 
I 

m
m

m
m

v
v

m
m

v
 

I 
m

0
r

l
0

0
0

0
0

0
 

I 
I 

I 
I 

I 
I I 

I I 

O
O

~
~

(
O

~
N

W
N

-
 

m
m

m
~

n
0

0
0

m
0

 
m

m
-

~
r

l
r

l
m

m
~

 U
 

~
~

4
~

h
l

m
m

m
d

 
.

.
.

.
.

.
.

.
.

 
.

.
.

.
.

.
.

.
.

 
~

~
v

m
-

~
m

r
n

m
v

 
I 

~
o

r
1

0
0

o
o

o
o

 
I 

" 

m
m

o
r

l
~

m
v

m
w

 
I 

m
r

n
o

r
l

~
m

v
m

w
 

m
m

m
m

m
m

m
m

m
 

I 
m

m
m

m
m

m
m

m
m

 
m

m
m

m
m

m
m

m
m

 
m

m
m

m
m

m
m

m
m

 
d

d
r

l
~

i
d

d
d

d
d

 
I 

d
d

r
l
d

d
r
l
d

d
d

 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A T l  -1 (Carrel :; l iedi 

CONCENTRATION OF METALS IN FORAGE GROWN ON TEN PLOTS ON ST. DAVID COAL REFUSE PILE AMENDZD WITH 
BIOSOLIDS AND BIOSOLIDS + L IME 

Plot Number - 
Year 2 3 4 5 6 -7 8 9 10 

1 , 1 9 9  
1 0 3  
1 4 6  

6 3 
8 7 
2 4  
4  1 
ND 
la! E) 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AII-1 (Continued) 

CONCENTRATION OF METALS IN FORAGE GROWN ON TEN PLOTS ON ST. DAVID COAL REFUSE PILE AMENDED WITH 
BIOSOLIDS AND BIOSOLIDS + LIME 

Plot Number 
Year 2 3 4 5 6 7 8 9 10 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATEX CHICAGO 

TABLE AII-1 (Contin-~ed) 

CONCENTRATION OF METALS IN FORAGE GROWN ON TEN PLOTS ON ST. DAVID COAL REFUSE PILE AMENDED WITH 
BIOSO1,IDS AND BIOSOI,IDS t LIME 

-- Plot Number 
2 

-- - - -.- .- -. 
Year 3 4 5 6 7 8 9 1 0  



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AII-1 (Continued) 

CONCENTRATION OF METALS IN FORAGE GROWN ON TEN PLOTS ON ST. DAVID COAL REFUSE PILE AMENDED WITH 
BIOSOLIDS AND BIOSOLIDS + LIME 

Plot Number 
Year 2 3 4 5 6 7 8 9 1 0  
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APPENDIX AIII 

CONCENTRATIONS OF CONSTITUENTS IN SURFACE RUNOFF WATER 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AIII-1 (Continued) 

CONCENTRATION OF CONSTITUENTS IN SURFACE WATER RUNOFF FROM TEN PLOTS ON ST. DAVID COAL REFUSE PILE 
AMENDED WITH BIOSOLIDS AND BIOSOLIDS + LIME 

Plot Sample A l k a -  Total 
Number D a t e  pH EC A c i d i t y  linity BODS TSS TDS P C 1 So I NH,-N NO.-N NO--N 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AIII-1 (Continued) 

CONCENTRATION OF CONSTITUENTS IN SURFACE WATER RUNOFF FROM TEN PLOTS ON ST. DAVID COAL REFUSE PILE 
AMENDED WITH BIOSOLIDS AND BIOSOLIDS + LIME 

Plot Sample Alka- T o t a l  
N u m b e r  Date pH EC A c l d i t y  l i n i t y  B O D 5  TSS TDS P C 1 SO4 NH.-N NO,-N NO--N 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE A T J . 1 - - 1  (Continued) 

CONCENTRATION OF CONSTFTUENTS 1N SURFACE WATER RUNOFF FROM TEN PLOTS ON ST, DAVID COAL REFUSE PILE 
AMENOEE WITH BIOSOLIDS AND BTOSO121DS 4 LIF!E 

Plot Sample Alka- Total 
Number Date pH EC Acidity linity BODs TSS TDS P C 1  Sod Ni l , -N  NO.-N NO--N 

'NU = No data. 
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METROPOLITAN WATER RECLAMATION DISTRICT O F  GREATER CHICAGO 

TABLE A T I T - 2  ( C o n t i  n u e d f  

CONCENTMTION OF METALS I N  SURFACE WATER RUNOFF FROM TEN PLOTS ON ST. D A V I D  COAL 
REFUSE P I L E  AMENDED WLTli BIOSOLlDS AND BIOSOLIDS + LLME 

P l o t  Sample 
Number Date A 1  Cd Cr Cu Fe Pb Mn N i Z n 
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METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

CONCENTRATION OF METALS IN SURFACE WATER RUNOFF FROM TEN PLOTS ON S T ,  DAVID COAL 
REFUSE PILE AMENDED WITH BIDSOLIDS AND BLOSOLIDS t LIME 

Plot Sample 
Number Date A 1  Cd C r C u Fe Pb Mn N i Zn 



METROPOLITAN WATER RECLAMATION DISTRICT OF GREATER CHICAGO 

TABLE AIII-2 (Continued) 

CONCENTRATION OF METALS IN SURFACE WATER RUNOFF FROM TEN PLOTS ON ST. DAVID COAL 
REFUSE PILE AMENDED WITH BIOSOLIDS AND BIOSOLIDS + LIME 

Plot Sample 
Number Date A1 Cd Cr C u Fe Pb Mn Ni Zn 
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METROPOLITAN WATER RECLAMATION D I S T R I C T  O F  GREATER CHICAGO 

TABLE A1 I 1-2 ( C o n t i n u e d )  

CONCENTRATION O F  METALS I N  SURFACE WATER RUNOFF FROM TEN PLOTS ON S T .  DAVID COAL 
REFUSE P I L E  AMENDED WITH B I O S O L I D S  AND B I O S O L I D S  + LIME 

P l o t  Sample 
N u m b e r  Date A 1 C d  C r  Cu Fe P b  Mn N i Zn 

'ND = N o  da ta .  


