DE-AC22-95PX97807--99
(6007)

DO/ PX/ TT0T 77
RECEIVER
AUB 2 1 1938
@sTy
Reclamation of Acid, Toxic Coal Spoils Using Wet Flue Gas |
Desulfurization By-Product, Fly Ash and Sewage Sludge

Final Report
March 1997

Work Performed Under Contract No.: DE-AC22-95PX97807

For
U.S. Department of Energy
Office of Fossil Energy
Federal Energy Technology Center
P.O. Box 880
Morgantown, West Virginia 26507-0880

The Ohio St]ge University M AS-‘E% m/

140 W 19th Avenue
Columbus, Ohio 43210

DMTRIBUTION OF THis DOCUMENT 16 UNLIMITED




Disclaimer

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owed rights. Reference herein
to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of
the United States Government or any agency thereof.




DISCLAIMER

Portions of this document may be illegible
electronic image products. Images are
produced from the best available original

document.




FOREWORD

This report was prepared by The Ohio State University, Ohio Agricultural Research and
Development Center, Wooster, under Department of Energy Contract No. 1432 J0250004. The
contract was initiated under the Abandoned Mine Land Research Program. It was administered
under the technical direction of the Department of Energy, Pittsburgh Research Center with Mr.
David Hyman as technical project officer. Mr. Michael L. Nowicki was the contract
administrator for the Department of Energy. This draft final report was submitted by the authors

on March 12, 1998.




The views and conclusions contained in this document are those of the authors and should not be
interpreted as necessarily representing the official policies or recommendations of the
Department of Energy or of the United States Government.




<

TABLE OF CONTENTS
SECTION
L Introduction . .. ... .. e 8
I Methods . .. ..o e e e e e e e 8
II.  Results
A Soll Chemistry . . ... .. . i 12
B. Water Quality of Vadose Water from Suction Lysimeters ................ 34
C. Water Quality of Surface Runoff
1. Analysis of Variance of Amendment Treatment Effects on Individual
Sample Dates .. ...... ... e 45
2. Overall Means, Standard Errors, and Percentages of Samples Above the
Recommended Maximum Contaminant Level ... ................... 57

D. Comparison of Water Quality Characteristics for Vadose Water and Runoff .. 57

E. Herbacaeous Biomass and Canopy Cover ............................ 66
F. TreeSurvivaland Growth . . . .. ... ... . ... .. . 66
G. Element Concentrations in HerbaceousCover . . ....................... 69
H. Tree Foliar Element Concentrations . . . . .. ... .. 74
Discussion

A. Element ConcentrationsinRunoff . ... ... ... ... ... ... ... ... ... ... 83
B. Plant Growth . . ... . ... . . . 83
C. Boronand MolybdenuminPlants .................................. 84
COoNCIUSIONS . . . . .o 84
References . . ... .o e, 85




'

LIST OF TABLES
TABLE PAGE
1.  Characteristics of unamended minesoil, borrow soil, sewage sludge, and flue gas
desulfurization (FGD) by-products . . .......... .. ... ... . i i, 9.
2.  Soil pH in an acid minesoil amended in fall 1995 with borrow soil, sewage sludge,
or flue gas desulfurization by-products . ........... ... .. . . . oL 14.
3.  Electrical conductivity (dS/m) in an acid minesoil amended in fall 1995 with borrow
soil, sewage sludge, or flue gas desulfurization by-products .................... 15.
4.  Calcium (Ca) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 16.
5.  Magnesium (Mg) concentrations (mg/kg) in an acid minesoil amended in fall 1995
with borrow soil, sewage sludge, or flue gas desulfurization by-products .......... 17.
6.  Aluminum (Al) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 18.
7.  Sulfur (S) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 19.
8.  Boron (B) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 20.
9.  Manganese (Mn) concentrations (mg/kg) in an acid minesoil amended in fall 1995
with borrow soil, sewage sludge, or flue gas desulfurization by-products .......... 21.
10.  Iron (Fe) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products . ............. 22
11.  Cadmium (Cd) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products. ............. 23.
12. Chromium (Cr) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products . ............. 24,
13.  Copper (Cu) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products . ............. 25.
14.  Molybdenum (Mo) concentrations (mg/kg) in an acid minesoil amended in fall 1995
with borrow soil, sewage sludge, or flue gas desulfurization by-products .......... 26.
15.  Lead (Pb) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products. . ............ 27.
16.  Nickel (Ni) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 28.
17.  Zinc (Zn) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products .............. 29.
18.  Strontium (Sr) concentrations (mg/kg) in an acid minesoil amended in fall 1995
with borrow soil, sewage sludge, or flue gas desulfurization by-products .. .. ... ... 30.
19.  Sodium (Na) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products. ............. 31.
20.  Silicon (Si) concentrations (mg/kg) in an acid minesoil amended in fall 1995 with
borrow soil, sewage sludge, or flue gas desulfurization by-products ............. 32.




TABLE PAGE

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Phosphorus (P) concentrations (mg/kg) in an acid minesoil amended in fall 1995

with borrow soil, sewage sludge, or flue gas desulfurization by-products. . ......... 33.
pH, electrical conductivity (EC), and acidity of water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
rEAtMENES . . .. ... e e 38.
Concentration (mg/L) of Al, As, B, and Ba in water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
TEALMENLS. . .. . ..ottt ittt e 39.
Concentration (mg/L) of Be, Ca, Cd, and Co in water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
trEAtMENES . .. .. ... i e ... 40.
Concentration (mg/L) of Cr, Cu, Fe, and K in water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
reatments . .. ... .. . e e 41.
Concentration (mg/L) of Mg, Mn, Mo, and Na in water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
TEALMENLS . . . .. ..o 42
Concentration (mg/L) of Ni, P, Pb, and S in water from suction lysimeters at

two depths (30 cm and 60 c¢m) in an acid minesoil as affected by soil amendment
rEatMINS . . . ... e 43.
Concentration (mg/L) of Se, Si, Sr, and Zn in water from suction lysimeters at

two depths (30 cm and 60 cm) in an acid minesoil as affected by soil amendment
TEalMEIILS . . ... ... 44,
pH, electrical conductivity (EC), alkalinity, and suspended sediment in runoff

water on sample dates as affected by soil amendments . ....................... 48.
Concentrations (mg/L) of As, Ba, Cd, and Cr in runoff water on sample dates

as affected by soilamendments . . . .......... .. ... ... ... .. ... ..., 49,
Concentrations (mg/L) of Cu, Fe, Hg, and Mn in runoff water on sample dates

as affected by soilamendments . .. ......... ... ... .. .. ... .. .. ... ... 50.
Concentrations (mg/L) of Pb, Se, and Zn in runoff water on sample dates as

affected by soilamendments . .. ........ ... ... ... ... . i 51
Concentrations (mg/L) of Al, Ca, K, and Mg in runoff water on sample dates

as affected by soilamendments . . ........ ... ... ... ... ... ... ... 52.
Concentrations (mg/L) of Na, B, Si, and Sr in runoff water on sample dates as
affectedbysoilamendments . ............. .. .. ... ... ... ..., 53.
Concentrations (mg/L) of Be, Co, Mo, and Ni in runoff water on sample dates

as affected by soilamendments . .. ......... ... .. ... .. ... oL 54.
Concentrations (mg/L) of phosphate, P, sulfate, and S in runoff water on sample

dates as affected by soilamendments ............. ... ... ... .. ... ... ... 55.
Concentrations (mg/L) of nitrate, chloride, and fluoride in runoff water on sample

dates as affected by soilamendments. . .................. ... ... ... ... ... 56.
Overall mean and standard error of pH, EC, alkalinity, and suspended sediment in

runoff samples as affected by soil amendment treatments. ... ................... 58.




TABLE PAGE
39.  Concentrations (overall mean and standard error in mg/L) of As, Ba, Cd, and Cr

in runoff samples, and percentages of total samples in which the concentration

exceeded the recommended maximum contaminant level. .. .................... 59.
40.  Concentrations (overall mean and standard error in mg/L) of Cu, Fe, Hg, and Mn

in runoff samples, and percentages of total samples in which the concentration

exceeded the recommended maximum contaminantlevel ...................... 60.
41. Concentrations (overall mean and standard error in mg/L) of Pb, Se, and Zn

in runoff samples, and percentages of total samples in which the concentration

exceeded the recommended maximum contaminantievel. ...................... 61.
42.  Concentrations (overall mean and standard error in mg/L) of Al, Ca, K, and Mg

in runoff samples as affected by soil amendment treatments. .................... 62.
43.  Concentrations (overall mean and standard error in mg/L) of Na, B, Si, and Sr

in runoff samples as affected by soil amendment treatments .................... 63.
44.  Concentrations (overall mean and standard error in mg/L) of Be, Co, Mo, and Ni

in runoff samples as affected by soil amendment treatments .................... 64.
45.  Concentrations (overall mean and standard error in mg/L) of P and S in runoff

samples as affected by soil amendment treatments . .......................... 65.
46.  Herbaceous biomass and canopy cover on an acid minesoil as affected by soil

amendments . .. ... ... ... 67.
47.  Tree survival and height growth on an acid minesoil as affected by soil amendments

ANd tree SPECIES . .. .. .. i 68.
48.  Concentrations of N, P, K, Ca, and Mg in herbaceous cover during the first two

years (June of each year) on an acid minesoil as affected by soil amendments . ...... 70.
49. Concentrations of S, Mn, Fe, B, and Mo in herbaceous cover during the first two

years (June of each year) on an acid minesoil as affected by soil amendments . ...... 71.
50.  Concentrations of Cu, Zn, Al, Na, and Sr in herbaceous cover during the first two

years (June of each year) on an acid minesoil as affected by soil amendments . . . .. .. 72.
51.  Concentrations of Be, Cd, Co, Cr, and Ni in herbaceous cover during the first two

years (June of each year) on an acid minesoil as affected by soil amendments . ... ... 73.
52.  Foliar concentrations (g/kg) of nitrogen (N), phosphorus (P), and potassium (K)

in trees during the second year (August 1997) on an acid minesoil as affected by

soil amendment treatments . . .............. ... ... ... 75.
53.  Foliar concentrations (g/kg) of calcium (Ca), magnesium (Mg), and sulfur (S)

in trees during the second year (August 1997) on an acid minesoil as affected by

soil amendment treatments . . ............ ... ... ... ... 76.
54.  Foliar concentrations (mg/kg) of manganese (Mn), iron (Fe), and boron (B) in trees

during the second year (August 1997) on an acid minesoil as affected by soil

amendment treatments . ... .............tutnun et 77.
55.  Foliar concentrations (mg/kg) of copper (Cu), zinc (Zn), and molybdenum (Mo)

in trees during the second year (August 1997) on an acid minesoil as affected by soil
amendment treatments . .. ... .......... .. titatet e 78.




TABLE PAGE

56.  Foliar concentrations (mg/kg) of aluminum (Al), sodium (Na), and silicon (Si) in

trees during the second year (August 1997) on an acid minesoil as affected by soil

amendment treatments . ... ...........iuiutnten et e 79.
57.  Foliar concentrations (mg/kg) of barium (Ba), strontium (Sr), and beryllium (Be)

in trees during the second year (August 1997) on an acid minesoil as affected by soil

amendment treatments . ... ... ...ttt e e 80.
58.  Foliar concentrations (mg/kg) of cobalt (Co), cadmium (Cd), and chromium (Cr)

in trees during the second year (August 1997) on an acid minesoil as affected by soil

amendment treatments . .. .............ooutntn ittt 81.
59.  Foliar concentrations (mg/kg) of nickel (Ni) and lead (Pb) in trees during the

second year (August 1997) on an acid minesoil as affected by soil amendment

CatMENLS. .« . . . .. e 82.




Reclamation of Acid, Toxic Coal Spoils Using Wet Flue Gas Desulfurization
By-product, Fly Ash and Sewage Sludge

David A. Kost, John P. Vimmerstedt, and Richard C. Stehouwer, School of Natural Resources,
Ohio Agricultural Research and Development Center, Ohio State University, 1680 Madison
Avenue, Wooster, OH 44691.

I. INTRODUCTION

Establishment of vegetation on acid abandoned minelands requires modification of soil physical
and chemical conditions. Covering the acid minesoil with topsoil or borrow soil is a common
practice but this method may be restricted by availability of borrow soil and cause damage to the
borrow site. An alternative approach is to use waste materials as soil amendments. There is a
long history of using sewage sludge (Sopper,1992) and fly ash (Capp,1978; Buck and
Houston,1988) as amendments for acid minesoils. Flue gas desulfurization (FGD) by-products
are newer materials that are also promising amendments (Stehouwer et al.,1995). Most flue gas
sludges are mixtures of calcium sulfate (CaSO,), calcium sulfite (CaSO;), calcium carbonate
(CaCQ,), calcium hydroxide [Ca(OH),], and fly ash (Shahandeh and Sumner,1993). Some
scrubbing processes produce almost pure gypsum (CaSO,2H,0).

The primary purpose of our project is to evaluate two wet FGD by-products for effects on
vegetation establishment and surface and ground water quality on an acid minesoil. One by-
product from the Conesville, OH power plant (American Electric Power Service Corporation)
contains primarily calcium sulfite and fly ash. The other by-product (Mg-gypsum FGD) from an
experimental scrubber at the Zimmer power plant (Cincinnati Gas and Electric Company) is
primarily gypsum with 4% magnesium hydroxide [Mg(OH),]. These materials were compared
with borrow soil and sewage sludge as minesoil amendments. Combinations of each FGD
sludge with sewage sludge were also tested. This report summarizes two years of measurements
of chemical composition of runoff water, ground water at two depths in the subsoil, soil chemical
properties, elemental composition and yield of herbaceous ground cover, and elemental
composition, survival and height of trees planted on plots treated with the various amendments.
The borrow soil is the control for comparison with the other treatments.

II. METHODS

The study is at Unit II of the Eastern Ohio Resource Development Center in Noble County, Ohio
on land mined by contour stripping in 1946. The sites were almost barren despite regrading and
planting in 1970. We used a split-plot design with soil amendment treatments as main plots and
tree species as subplots, with four replications. One replication faced west on a 24% slope. The
other three replications faced southeast on slopes of 6%, 5%, and 19%. One composite soil
sample (0-20 cm depth) was collected from each replication before regrading. The soil was
extremely acid and had low levels of extractable nutrients (Table 1).

The sites were regraded with a D-6 dozer to remove gullies in summer 1995 and then treated
with six soil amendments. Treatments were: 1) aerobically-digested sewage sludge from




l Table 1. Characteristics of unamended minesoil, borrow soil, sewage sludge,
and flue gas desulfurization (FGD) by-products.
l Minesoil Mg-
before Borrow Sewage Conesville gypsum
' Parameter’ regrading soil sludge FGD FGD
PB, (1:1 soil/water) 3.4 7.8 6.6 9.9 9.7
EC, dS/m 0.2 0.2 7.8 na na
I TNP (%CaCO, equiv)  na’ na na 14 7
Total N, g/kg 9.0 na na
I Organic N, g/kg 8.0
Ammonia N, g/kg <1.0
|
Major Elements Extractable®, Total Analysis, g/kg
' P 5.5 3 5.0 na <0.1
' K 43 249 4.9 na 0.3
Ca <125 7150 74 290 240
' Mg 36 88 11.9 na 20
s na na na 175 179
|
Trace Elements Total Analysis, mg/kg
l As na na 10 54 5.4
ca 1.1 <0.2 <0.2
' cr 84 24 28
‘ Cu 182 13 5.9
Hg <3.2 <1.0 <1.0
' Mo 3.6 3.8 2.4
Ni 39 18 21
I Pb 71 9.7 <2.0
Se 0.5 4.2 4.0
l Zn 435 44 15
EC = Electrical conductivity; TNP = Total Neutralizing Potential
‘na = not analyzed
l *Bray 1 extraction for P. Ammonium acetate extraction for K, Ca, and Mg.
|
]
|




Byesville, Ohio at 100 Mg/ha, 2) gypsiferous FGD by-product (Mg-gypsum FGD) with 4%
Mg(OH), at 280 Mg/ha, 3) Conesville FGD by-product with fly ash at 600 Mg/ha, 4) sewage
sludge plus Mg-gypsum FGD, 5) sewage sludge plus Conesville FGD, and 6) a red, silty clay
borrow soil applied to a depth of 25-30 cm. Rates of FGD were based on results of greenhouse
studies and aimed at applying equal amounts of neutralizing capacity. The borrow soil was being
used in a reclamation project adjacent to the study area. Chemical properties of the borrow soil,
sewage sludge, and FGD by-products are listed in Table 1. All amendments were applied by
volume using volume rates calculated from bulk densities of amendment materials. Conesville
FGD and borrow soil were dumped by front-end loader into the plots and then spread with a
small dozer. Sewage sludge and Mg-gypsum FGD were measured by front-end loader into a
manure spreader and then distributed on the plots. All amendments except borrow soil were
incorporated as deeply as possible by rototilling, but probably to less than 30 cm depth for most
treatments. The large volume of Conesville FGD required on each plot was applied in two stages
and rototilled after each stage. Treatments were applied in fall 1995 to 9 m by 15 m plots. Plots
were separated by berms on all sides to exclude extraneous runoff.

All plots were fertilized with KCI at 900 kg/ha (472 kg/ha K). Plots that did not receive sewage
sludge were also fertilized with ammonium nitrate at 280 kg/ha (92 kg/ha N) and triple
superphosphate at 493 kg/ha (100 kg/ha P). Sewage sludge contributed 890 kg/ha total N and
500 kg/ha total P to plots receiving sludge. In fall 1995, plots were broadcast seeded with a
winter wheat (Triticum aestivum L.) cover crop and a mix (kg/ha) of birdsfoot trefoil-Lotus
corniculatus (10), red clover-Trifolium pratense (6.7), perennial ryegrass-Lolium perenne (9),
and timothy (Phleum pratense (20.2). Clean wheat straw mulch was applied at 4.5 Mg/ha.

Ten seedlings of white ash (Fraxinus americana L.), black locust (Robinia pseudoacacia L.),
sycamore (Platanus occidentalis L.), and sweetgum (Liguidambar styraciflua L.) were planted by
dibble bar in each plot in spring 1996. Trees were planted on the contour in two-row subplots at
1.2 m by 1.5 m spacing, with 2.4 m between subplots. The initial planting stock was one-year-
old, bare-root seedlings from state nurseries in Ohio and West Virginia. Dead seedlings were
replaced in spring 1997 using stock held in a transplant nursery.

A composite soil sample (0-20 cm depth) was collected from each plot in July 1995 after the
sites were regraded but before amendments were applied. Composite soil samples were also
collected in 10 cm increments to 60 cm depth from two bucket-auger cores in each plot in June
1996 and in 10 cm increments to 90 cm in July 1997. Soil samples were ground to pass a 2 mm
screen, extracted with 1 M KCl at 1:10 soil/KCl, and analyzed for Al, B, Ca, Cd, Cr, Cu, Fe,
Mg, Mn, Mo, Na, Ni, P, Pb, S, Si, Sr, and Zn using inductively coupled plasma emission
spectrometry (Leeman Labs Inc. Model PS2000).. Soil pH was measured by glass electrode on a
1:1 soil/water mix and electrical conductivity was measured on a 1:2 soil/water extract.

Four porous-cup suction lysimeters were installed in each plot, two toward the upper end of the
plot and two at the lower end in spring of 1996. One of each pair was at 30 cm, the other at 60
cm. Water at these depths was sampled periodically when precipitation was sufficient to wet the
soil profile. We pulled a vacuum of approximately 50 centibars on the lysimeters, waited at least
24 hours, then sampled the water pulled into the lysimeter through the porous cup. These water
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samples were analyzed for a suite of elements by inductively coupled plasma emission
spectrometry of a filtered aliquot. Alkalinity and acidity were determined titrimetrically, and pH
was measured with a glass electrode.

A flume for sampling surface runoff was installed in the middle of the lower berm on each plot
(Figure 1). Flumes were constructed from treated plywood (copper-chromium-arsenic, ground
contact, 0.40 Ib/cubic foot) and coated with roofing tar after installation. A slotted PVC pipe was
fitted below the mouth of each flume and conveyed a portion of the runofftoa 190 L
polyethylene storage barrel. We collected runoff samples after those rainfall events that were
heavy enough to produce runoff. The water in each storage barrel was stirred to suspend any
sediment and a 250 mL sample was collected. Runoff samples were refrigerated prior to
analysis. Conductivity and pH were measured directly on unfiltered samples. An aliquot of
runoff sample was digested for 4 hours in a nitric-perchloric mix, then diluted to 50 ml with
deionized water and analyzed for elemental composition by inductively coupled emission
spectroscopy (ICP). A second aliquot was filtered through Whatman #1 paper. Filterable
residue was determined by weighing. Acidity and alkalinity of the filtrate were determined by
titration, and elemental composition by ICP. When a complete set of runoff samples was
obtained during a major rainstorm, we also determined anion concentrations by ion
chromatography using a Dionex Model 14 instrument in 1996 and a Dionex Model DX 120
instrument in 1997.

Ground cover biomass was measured in June 1996 and 1997 by mowing two strips (total area
11.6 m? in 1996 and 8.6 m? in 1997) in each plot, weighing the moist biomass in the field, and
bringing a subsample to the laboratory for moisture determination. Subsamples were dried,
weighed, ground in a Wiley mill, ashed in nitric-perchloric acid, and analyzed for Al, As, B, Ba,
Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Si, Sr, V, and Zn using
inductively coupled plasma emission spectrometry. Canopy cover percentages (grasses,
legumes, other herbs) were visually estimated in square quadrats (0.5 m?) in June 1997. One
sample quadrat was located randomly in the upper, middle, and lower third of each plot (3
quadrats per plot).

Tree survival and height (nearest cm) were measured in June and September 1996 and in
September 1997. Data on height growth rather than total height is presented because of
variations in initial heights of planted seedlings. Tree foliage samples were collected near the
end of the second growing season in August 1997. For each tree species, a composite sample
was collected from each plot by combining two or more leaves from each live tree. Samples for
black locust and white ash included the leaf rachis as well as the leaflets. Samples were dried,
weighed, ground in a Wiley mill, and analyzed for the same suite of elements as for ground
cover.

Data were analyzed by analysis of variance, using Statistical Analysis System (SAS) software
(SAS Institute Inc.,1987). Data for each year were analyzed separately. Soil chemical data were
analyzed separately by sample depth. Data for each lysimeter water quality characteristic were
subjected to a separate analysis of variance for each depth, and to an analysis of the main effects
of depth and its interactions with soil amendment treatment. When analysis of variance showed
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that treatment effects or interactions were significant at the 5 % level of probability, the least
significant difference (LSD) or Duncan’s multiple range test was computed and used in mean
separation. In many cases, results within treatments were so variable that treatment effects were
not significant, even though there were large differences among means.

III. RESULTS
A. Soil Chemistry

Soil pH. In June 1996 and July 1997, soil pH (0-10 cm depth) was 6.5 or greater for all
treatments except sewage sludge alone (pH 4.6) (Table 2). For borrow soil and treatments
receiving Conesville FGD, soil pH was elevated to a depth of 20-30 cm in both years, while for
the other treatments, there was a sharp drop in pH below 20 cm. This was probably because the
high rate of Conesville FGD was applied in two stages and rototilled after each stage, resulting in
deeper incorporation of that material. The greater depth of incorporation for Conesville FGD
affected depth functions of several other soil properties. In 1997, soil pH at depths below 50 cm
was consistently higher under borrow soil than under any of the other treatments (Table 2).

Electrical Conductivity. Electrical conductivity (EC) was generally greater for all FGD
treatments than for borrow soil or sewage sludge alone (Table 3). In 1997, EC was appreciably
higher at all depths in all treatments receiving FGD than in those with borrow soil or sewage
sludge alone, except for some lower depths of the sewage sludge plus Mg-gypsum FGD
combination. The increase in EC with depth for borrow soil in 1996 is puzzling because samples
from the 40-60 cm depths would be in unamended minesoil, which had a low EC (0.43 dS/m).

Calcium. Ca levels in all treatments with FGD were much higher than those in

borrow soil or sewage sludge alone in the upper two soil increments, both in 1996 and 1997
(Table 4). Below 20 cm, extractable Ca in Conesville FGD was generally higher than in the Mg-
gypsum FGD treatments. The elevated Ca levels down to 70 cm in soils receiving Conesville
FGD suggest improvement in rooting environment down to this depth.

Magnesium. Not surprisingly, treatments using Mg-gypsum FGD had the highest amounts of
extractable Mg in the upper 20 com, both in 1996 and 1997 (Table 5). Conseville FGD gave
higher concentrations than borrow soil or sewage sludge alone, down to 20 cm. Below 20 cm,
both FGD treatments were generally higher in Mg than borrow soil or sewage sludge alone,
although below 70 cm, differences among treatments were not statistically significant.

Aluminum. Extractable Al was greatest for sewage sludge alone in both years at all depths. For
the other treatments, there was an abrupt increase in Al concentration at some depth, probably
marking the transition from borrow soil to spoil or from mixed spoil-FGD to unamended spoil
(Table 6).

Sulfur. All plots amended with FGD had extractable S levels greater than those in plots with
borrow soil or sewage sludge alone, especially in the upper 30 cm (Table 7).




Boron. Boron is an essential plant nutrient, but with a narrow range between sufficiency and
toxicity (Romheld and Marschner, 1991, Vimmerstedt and Glover, 1984) Compared to borrow
soil or sewage sludge alone, the Mg-gypsum treatments had greater B in the surface (0-10 cm)
layer and the Conesville treatments had greater B throughout the profile (Table 8). The fly ash
component of the Conesville FGD contributed the B. The Mg-gypsum FGD apparently

contained enough B to produce elevated soil B, although this FGD supposedly contained no fly
ash.

Iron and Manganese. These elements are often at high levels in acidic mine spoils. In both
years, borrow soil and all the FGD treatments had very low levels of extractable Mn in the upper
10 cm of soil. There were few statistically significant treatment differences at the other depths,
although there was a general increase in extractable Mn with depth (Table 9). The only
statistically significant treatment effects on extractable Fe were in 1996 in the 50-60 cm depth
increment and in 1997 in the 70 -80 cm section. In both cases the sewage sludge treatment was
higher in extractable Fe than the other treatments, with the exception of the Mg-gypsum FGD
treatment in 1997 (Table 10).

Heavy metals. Cadmium (Table 11), chromium (Table 12), copper (Table 13), molybdenum
(Table 14) , lead (Table 15), and nickel (Table 16) were at undetectable or very low levels in
both years. Lead was elevated in borrow soil at 70-80 cm in 1997 and relatively higher amounts
of Mo were extracted from the 20-30 cm depth in the borrow soil, Mg-gypsum FGD and sewage
sludge plus Conesville FGD treatments in 1996. Among the heavy metals, extractable Zn
showed the most treatment effects (Table 17). In 1996, sewage sludge alone and sewage sludge
plus Mg-gypsum FGD had higher levels of extractable Zn at 10-20 and 20-30 cm than the other
treatments. In 1997, Zn was elevated in the sewage sludge treatment at 0-10 and 10-20 cm, as
well as in the two lower depths in the sewage sludge and Conesville FGD treatments (Table 17).

Strontium. Sr behavior in soils is somewhat analogous to that of calcium. In both years, the
Conesville FGD treatments yielded more extractable Sr in the upper 30 cm of soil than any of the
other treatments (Table 18).

Sodium. Sodium is neither an essential plant nutrient nor an element that causes toxicity
problems, although it can contribute to excess salinity and soil dispersion. There were no
statistically significant treatment effects on the amount of extractable Na in the soil (Table 19).

Silicon. There were no significant treatment effects for extractable Si although below 20 cm
depth Conesville FGD tended to have greater Si than the other treatments (Table 20).

Phosphorus. All treatments had low P as extracted by the 1IN KC1 (Table 21). Extraction with
KClI does not provide a good estimate of available P.
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B. Water Quality of Vadose Water from Suction Lysimeters

Results reported are for two sampling dates, late fall of 1996 and 1997, when sampling yielded a
complete data set for all replications (Tables 22-28).

In 1996 and 1997, there were statistically significant amendment treatment effects at both 30 and
60 cm on electrical conductivity , and on B, Ca, K, Mg and S concentrations. In addition, in
1996 there were significant amendment effects at both depths on pH and acidity, at the 30 cm
depth on Al, Ni, and Zn, and at the 60 cm depth on Ba and Si. There were no statistically
significant amendment effects in either year on arsenic, beryllium, cadmium, cobalt, chromium,
copper, iron, manganese, molybdenum, sodium, phosphorus, lead, or selenium. In no case were
there significant amendment effects in 1997 when there had been none in 1996, except for Sr
extracted at 60 cm. There were significant effects of lysimeter depth in both years for pH, Mn,
and Si; in 1996 for As, B, Ba, Ca, K, and P; and in 1997 for Be, Co, Na, and Sr. Boron and
potassium also showed significant interactions of amendment treatment with lysimeter depth in
1996.

Water pH. In 1996, water pH at the 30 cm depth was significantly lower in the sewage sludge,
Mg-gypsum FGD, and sewage sludge+Mg-gypsum FGD treatments than in the borrow soil, or
sewage sludge +Conesville FGD treatments (Table 22). At 60 cm, pH of water extracted from
the borrow soil was significantly higher than that from all other treatments. There were no
significant amendment treatment effects in 1997. All treatments had mean water pH below 7.0.
In both years, water pH generally decreased as depth of lysimeter sample increased (Table 22).

Electrical Conductivity. In 1996, water from both depths in borrow soil and sewage sludge
treatments had lower electrical conductivity than that from treatments with Conesville FGD or
sewage sludge + Conseville FGD, which in turn had lower conductivities than water from the
sewage sludge +Mg-gypsum or the Mg-gypsum treatment (Table 22). In 1997, all treatments
receiving FGD yielded water with higher conductivities than the borrow soil or sewage
treatments.

Acidity. In 1996, acidity of water extracted at the 30 cm depth from the sewage sludge + Mg-
gypsum FGD treatment was greater than that from all other treatments (Table 22). At the 60 cm
depth, the Conesville FGD, Mg-gypsum FGD and the sewage sludge with Conesville or Mg-
gypsum FGD had higher acidities than the borrow soil, with the sewage sludge treatment
intermediate.

Aluminum. In 1996, water extracted at 30 cm from the sewage sludge + Mg-gypsum treatment
had higher Al than all other treatments (Table 23). This result is similar to that for acidity. This
was the only statistically significant treatment effect in either year.

Arsenic. There were no statistically significant amendment effects on As concentration of water
extracted from the tension lysimeters (Table 23). There was a significant effect of lysimeter

sample depth in 1996 due primarily to a decrease in As with increasing depth in the Mg-gypsum
treatments. The USEPA recommended maximum contaminant level (RMCL) of 0.05 mg/L (De
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Zuane,1990) was equaled or exceeded in 1996 in water from both sample depths in sewage
sludge or Mg-gypsum FGD, and from the 30 cm depth in the sewage sludge + Mg-gypsum FGD
treatment. In 1997 the RMCL was equaled or exceeded in water from both depths in the sewage
sludge + Mg-gypsum FGD treatment and from the 60 cm depth in the Conesville FGD
treatment.

Boron. Both treatments that contained Conesville FGD had higher boron concentrations in
extracted water than the other treatments (Table 23). Borrow soil and sewage sludge alone
produced the lowest B concentrations. There was a significant interaction of amendment
treatment with lysimeter depth in 1996 due primarily to the large decrease in B with increasing
depth in the Conesville FGD treatment. In 1996, all treatments with FGD had average
concentrations of B above 2.0 mg/L, a concentration that produces B toxicity symptoms on lower
leaves of sycamore grown in solution culture (Vimmerstedt and Glover, 1984), and in 1997 B
concentrations remained above this limit in the two treatments with Conesville FGD . Boron is
not an element of concern in drinking water (De Zuane, 1990).

Barium. All barium concentrations were below the USEPA recommended maximum
contaminant level of 1.5 mg/L (Table 23). In 1996, barium concentration was higher in water
extracted at 60 cm from borrow soil and soil receiving sewage sludge alone than from treatments
that included FGD. There was a significant effect of lysimeter sample depth in 1996 owing to
the decrease in Ba with increasing depth in both Conesville FGD treatments (Table 23).

Beryllium. Beryllium concentrations were not affected by amendment treatment (Table 24). In
1997, Be increased (p=0.07) with lysimeter depth in all treatments except borrow soil and Mg-
gypsum FGD.

Calcium. Water samples taken at both depths in both years were lowest in Ca concentration in
the treatment with sewage sludge alone (Table 24). Treatments that included FGD were higher
than borrow soil, but differences were not always statistically significant. In 1996 there was a
significant effect of lysimeter sample depth due to decreased Ca concentrations with increasing
depth in all treatments except sewage sludge and Mg-gypsum FGD (Table 24).

Cadmium. In 1996, all water extracted from both depths had Cd concentrations above the RMCL
of 0.005 mg/L, but in 1997 only the Conesville FGD and the sewage sludge + Mg-gypsum FGD
treatments equaled or exceeded this limit (Table 24).

Cobalt. There were no significant effects of amendment treatment on Co concentrations in either
year (Table 24). In both years, Co concentrations generally increased with increasing lysimeter
depth, but the main effect of lysimeter depth was significant only in 1997.

Chromium. None of the Cr concentrations equaled the RMCL of 0.12 mg/L (Table 25).

Copper. None of the Cu concentrations equaled the RMCL of 1.3 mg/L (Table 25).

Potassium. In 1996, K concentrations were highest in water extracted from both Conesville FGD
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treatments at both depths, and lowest in samples taken from the borrow soil plots (Table 25).
There was a significant interaction of amendment treatment with lysimeter depth because K
concentrations decreased strongly with depth on sewage sludge and both Conesville treatments,
but increased slightly with depth on borrow soil and both Mg-gypsum treatments. Results in
1997 were not as clearcut, but highest K concentrations were still from the Conesville plots and
lowest concentrations were from the borrow soil plots.

Magnesium. The two treatments with Mg-gypsum yielded water with the highest Mg
concentration in both years at both depths, with the sewage sludge treated plots usually giving
the lowest concentrations; plots with borrow were similar to sewage sludge (Table 26).

Manganese. Manganese in lysimeter water behaved similarly to cobalt in its responses to
amendment treatment and lysimeter depth. In both years, Mn concentrations increased with
depth in all treatments, leading to significant effects of lysimeter depth but not amendment
treatments (Table 26).

Sodium. There were no significant effects of amendment treatment on Na concentrations in
lysimeter water (Table 26). In both years, Na concentrations increased with depth in all
treatments except borrow soil and Mg-gypsum with sewage sludge, but the effect of lysimeter
depth was only significant in 1997.

Nickel. In 1996, Ni concentration was higher in water extracted from 30 ¢cm in the sewage+ Mg-
gypsum treatment than in water from any other treatment at that depth (Table 27).

Phosphorus. The soil amendment treatments did not significantly affect P concentrations in
lysimeter water (Table 27). In 1996 there was a significant effect of lysimeter depth due mainly
to decreases in P with increasing depth in both Mg-gypsum FGD treatments and on sewage
sludge + Conesville FGD.

Lead. The RMCL of 0.02 mg/L was equaled or exceeded only by water from 30 ¢cm in the
borrow soil and sewage sludge treatments in 1996 (Table 27).

Sulfur. All water samples from FGD treatments had elevated S concentrations compared with
those from either borrow soil or sewage sludge alone (Table 27).

Selenium. All of the water extracts exceeded the RMCL of 0.045 mg/L, but note that the
detection limit of our method is 0.093 mg/] (Table 28).

Silicon. In 1996 at the 60 cm depth, Si concentration in water from the borrow soil was lower
than from any other treatment (Table 28). There was a significant effect of lysimeter depth in
both years due to large increases in Si with increasing depth in both Conesville FGD treatments
and in sewage sludge (Table 28).

Strontium. Strontium concentrations are the only case where there were significant amendment
treatment effects in 1997 but not in 1996 (Table 28). At the 60 cm depth in the soil, water
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extracted from the Mg-gypsum FGD treatment had the highest Sr concentration, while sewage
sludge + Mg-gypsum and sewage sludge alone were essentially tied for lowest. In 1997, Sr
increased with depth in all treatments except sewage sludge and sewage sludge + Mg-gypsum
FGD, resulting in a significant main effect of lysimeter depth.

Zinc. In 1996, water extracted at 30 cm from the sewage sludge + Mg-gypsum FGD treatment
had greater Zn than water from any other treatment (Table 28). All measured Zn concentrations
were below the USEPA suggested maximum contaminant level of 5 mg/L.
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C. Water Quality of Surface Runoff

All element concentrations in runoff that are given below are total concentrations derived from
unfiltered samples that were digested with nitric acid-perchloric acid. Depending on the element,
there could be substantial differences between total concentration from unfiltered, digested water
and dissolved concentration from filtered water. For several elements in 1997, we ran
regressions of dissolved concentration on total concentration to fit the linear equation:

Dissolved concentration = a + b (Total concentration).

Element r a b

Ca 0.99 1.64 0.975
Mg 0.96 -1.40 0.990
S 0.98 3.58 0.959
Na 0.76 -0.77 1.046
Al 0.06 3.36 0.062
Fe 0.02 0.52 0.021
K 0.36 2.98 0.265
P 0.33 0.07 0.143

For Ca, Mg, S, and Na there was a high correlation (r* values near 1) between dissolved and total
concentrations, and the dissolved concentration was essentially the same as the total
concentration as indicated by b values near 1. Aluminum and iron had a low correlation between
dissolved and total concentrations. Dissolved Al was about 6.2% (b=0.062) of total Al, and
dissolved Fe was about 2.1 % (b=0.021) of total Fe. There was an intermediate correlation (r’=
0.36 or 0.33) between total and dissolved concentrations for K and P. Dissolved K was about
26.5% of total K, and dissolved P was about 14.3% of total P. Thus, for Al, Fe, K, P, and
probably other elements, the concentrations listed in the tables that follow would be less if
dissolved rather than total concentrations were reported.

1. Analysis of Variance of Amendment Treatment Effects on Individual Sample Dates

We ran analysis of variance on general parameters and element concentrations in runoff for two
sample dates each in 1996 and 1997 when we had samples for all or most treatment replications.
These samples were from some of the heaviest rainstorms experienced, so runoff was more dilute
than on other dates involving lesser storms. Water pH, EC, alkalinity, suspended solids, Cr, Ca,
Mg, Na, B, Sr, Co, and S showed significant effects of soil amendment treatments on individual
sample dates (Tables 29-37).

Water pH, electrical conductivity, alkalinity, and suspended solids (Table 29). On June 10 and
August 1, 1996 pH of surface runoff was greatest for borrow soil and least for sewage sludge
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(Table 29). There were no significant treatment effects in 1997 but sewage sludge tended to have
the lowest runoff pH. Electrical conductivity of surface runoff was generally lower for borrow
soil or sewage sludge than for all FGD treatments on both dates in 1996 and on June 3, 1997.

The sewage sludge treatment had lowest alkalinity on all sample dates. Suspended solids were
greater for the Mg-gypsum treatment than for all other treatments on June 10, 1996.

Arsenic, Barium, Cadmium, and Chromium (Table 30). The concentration of Cr in runoff water
was greater for sewage sludge or for Mg-gypsum FGD than for Conesville FGD or sewage
sludge + Mg-gypsum FGD in August 1996. Sewage sludge had greater Cr than all other
treatments in August 1997. There were no significant treatment effects for As, Ba, and Cd.

Copper, Iron, Mercury, and Manganese (Table 31). Concentrations of Cu, Fe, Hg, and Mn in
runoff water did not vary significantly with amendment treatment on any of the sampling dates in
1996 and 1997.

Lead, Selenium, and Zinc (Table 32). Concentrations of Pb, Se, and Zn in runoff water showed
no significant effects of amendment treatment on any sampling date in 1996 or 1997.

Aluminum, Calcium, Potassium, and Magnesium (Table 33). Calcium concentrations in runoff
were greater for all treatments involving FGD than for either borrow soil or sewage sludge alone
on both dates in 1996 and in June of 1997. In 1996, Mg concentrations were much greater in
runoff from the two Mg-gypsum FGD treatments than from the other treatments. On June 3,
1997, Mg concentrations for both Mg-gypsum FGD treatments appeared to decrease from 1996
but were still generally greater than for the other treatments. There were no significant treatment
effects for Al or K.

Sodium, Boron, Silicon, and Strontium (Table 34). In August 1997, sodium concentrations in
runoff were greatest for both Conesville FGD treatments, intermediate for Mg-gypsum FGD or
sewage sludge alone, and least for sewage sludge + Mg-gypsum FGD. Boron was generally
greater for both Mg-gypsum treatments or for sewage sludge + Conesville FGD than for borrow
soil or sewage sludge alone on both dates in 1996. There were no significant treatment effects
for B in 1997. Strontium was greater for Conesville FGD with sewage sludge than for borrow
soil in August 1966 and June 1997. Silicon concentrations in runoff water did not vary
significantly with treatment.

Beryllium, Cobalt, Molybdenum, and Nickel (Table 35) . In June 1997 cobalt in runoff water
was greater for Conesville FGD alone than for all other treatments. There were no significant
treatment effects for Be, Mo, or Ni.

Phosphate, P, Sulfate, and S (Table 36). On all sample dates except August 1997, sulfate and S
were generally greatest for the Mg-gypsum FGD treatments, intermediate for the Conesville
FGD treatments, and least for borrow soil or sewage sludge alone. Phosphate or P did not vary
significantly with amendment treatment.

Nitrate, Chloride, and Fluoride (Table 37). In June 1997, nitrate concentrations in runoff tended
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to be greater for all FGD treatments than for borrow soil or sewage sludge alone. The reasons for
lower nitrate concentrations for borrow soil or sewage sludge alone are possibly due to sparse
ground cover production on borrow soil in 1996, and to inhibition of nitrification by the acid
surface soil on sewage sludge plots. Also in June 1997, chloride in runoff was lesser for all FGD
treatments than for borrow soil or sewage sludge alone. Fluoride in runoff did not show any
significant effects of amendment treatment in 1997.
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2. Overall Means, Standard Errors, and Percentages of Samples Above the Recommended
Maximum Contaminant Level

We calculated overall means and standard errors for chemical characteristics of runoff samples in
1996 and 1997 (Tables 38-45). The order of characteristics in Tables 38-45 is similar to that in
Tables 29-36. For those elements with a recommended maximum contaminant level (RMCL),
we also calculated the percentage of runoff samples for each treatment that were above the
RMCL (Tables 39-41). Elements with a substantial percentage of concentrations above the
RMCL for drinking water included As (Table 39), Hg (Table 40), Pb, and Se (Table 41).
Concentrations of Fe and Mn (Table 40) were usually above the level considered desirable for
aesthetic reasons.

From 1996 to 1997, overall concentrations of Ba (Table 39), Fe (Table 40), Pb (Table 41), Al, K
(Table 42), and Mo (Table 44) appeared to decrease in all treatments except Conesville FGD
alone. Boron concentrations (Table 43) appeared to decrease in all FGD treatments.
Concentrations of As (Table 39), Cu (Table 40), and Se (Table 41) showed little or no tendency
to decrease from 1996 to 1997.

D. Comparison of Water Quality Characteristics in Vadose Water and Runoff

Electrical conductivity and concentrations of Co, Mg, Mn, Na, Ni, S, Si, and Sr were greater in
lysimeters than in runoff for both years in all treatments. Other elements having greater
concentrations in lysimeter water than in runoff were Zn for all treatments except Mg-gypsum
FGD, B for both Conesville FGD treatments, Cd for all treatments in 1996, and Ca for borrow
soil only.

Water pH and concentration of Ba were greater in runoff than in lysimeters for both years and all
treatments. Other elements having greater concentrations in runoff than in lysimeters were Cr
and P for all treatments except sewage sludge + Mg-gypsum FGD, Fe for all treatments not
receiving Mg-gypsum FGD, K for borrow soil or Mg-gypsum FGD only, Pb for all treatments in
1996, and Se for all treatments in 1997.

Concentrations of As, Cu, and Mo showed no strong comparative trends in lysimeters versus
runoff.
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E. Herbaceous Biomass and Canopy Cover

In May 1996 the herbaceous cover on borrow soil was noticeably chlorotic compared to the other
soil amendment treatments. First-year (June 1996) biomass of ground cover was greater for the
three treatments receiving sewage sludge than for Mg-gypsum FGD alone, Conesville FGD
alone, or borrow soil (Table 46). In the first year, weeds were noticeable in plots treated with
sewage sludge, but legumes were dominant on borrow soil.

In the second year, biomass increased on borrow soil and on both FGD treatments without
sewage sludge, showed little change on both FGD treatments with sewage sludge, and decreased
on sewage sludge alone (Table 46). Biomass was greatest on Conesville FGD with sewage
sludge, intermediate on Conesville FGD alone, and least on the other treatments (Table 46).
Total canopy cover was less (p=0.08) for sewage sludge alone (58%) than for the other
treatments (77-82%) (Table 46). Legumes dominated the canopy cover in treatments not
receiving sewage sludge (Table 46). Canopy cover due to grasses was greater for the three
treatments receiving sewage sludge than for treatments not receiving sewage sludge (Table 46).
The seeded grass and legume species comprised most of the canopy cover except for a few
samples where volunteer yellow sweetclover (Melilotus officinalis) contributed to the legume
cover. There was little cover other than grasses and legumes (Table 46).

F. Tree Survival and Growth

Overall tree survival was 86% in 1996 and decreased to 73% in 1997 despite replacement of
dead trees in spring 1997. First-year tree survival was not affected significantly by soil
amendment treatment but did vary from 75% for Conesville FGD alone to 99% for borrow soil
(Table 47). Second-year survival was significantly better on soil amended with sewage sludge
alone than on soil amended with all other treatments, and was significantly less on soil amended
with Conesville FGD alone than on soil amended with all other treatments (Table 47). First-year
height growth was greatest for Conesville FGD with sewage sludge. Second-year height growth
did not vary signifcantly with amendment treatment (Table 47).

All tree species except sycamore survived moderately well after two years (Table 47). Black
locust grew more than the other species (Table 47).




Table 46. Herbaceous biomass and canopy cover on an acid minesoil as affected

by soil amendments.

Aboveground Biomass®

Canopy Cover in 1997

1996 1997
Soil Amendments:? (year 1) (year 2) Total Grasses Legumes Other
kg/ha %

Borrow soil 208 ¢° 1878 ¢ 79 6 ¢ 72 a 1
Sewage sludge (100) 2518 ab 1850 c 58 25 b 31 ¢ 1
Conesville FGD' (600) 719 ¢ 2632 b 78 11l ¢ 67 ab 0
Mg-gypsum FGD (280) 833 ¢ 1843 ¢ 77 11 ¢ 66 ab <1
Sewage sludge (100) +

Conesville FGD (600) 3194 a 3382 a 82 38 a 44 be 0
Sewage sludge (100) +

Mg-gypsum FGD (280) 1868 b 2171 bc 82 28 ab 54 ab <1

'Based on one harvest in June of each year.
’Borrow soil was applied at 25-30 cm depth.
amendments are in parentheses.

Rates (Mg/ha) for other

‘Within a column, means followed by the same letter or no letter are not
significantly different at p = 0.05 using the LSD test.

' FGD = Flue gas desulfurization by-product.




Table 47. Tree survival and height growth on an acid minesoil as affected
by soil amendments and tree species.
Survival Height Growth
1996 1997 1996 1997
(year 1) (year 2) (year 1) (year 2)
Soil Amendments:! % cm
Borrow soil 99a’ 80b 7b 18a
Sewage sludge (100) 90a 9la Sb 26a
Conesville FGD’(600) 75a 55d 8b 19a
Mg-gypsum FGD (280) 85a 76bc Sb 23a
Sewage sludge (100)+
Conesville FGD (600) 8la 67¢c 16a 27a
Sewage sludge (100)+
Mg-gypsum FGD (280) 86a 71bc 12ab 24a
Tree Species:
Black locust 9la 86a 28a 48a
Sweetgum 87a 84a 6b 13c
Sycamore 71b 39 3be 21b
White ash S94a 85a lc 10c

'Borrow s0il was applied at 25-30 cm depth. Rates (Mg/ha) for other
amendments are in parentheses.

Within a column for soil amendments or for tree species, means followed by
the same letter are not significantly different at p = 0.05 using Duncan's
multiple range test.

’FGD = Flue gas desulfurization by-product.




G. Element Concentrations in Herbaceous Cover

Element concentrations in herbaceous cover in June 1996 and 1997 are listed in Tables 48-51).
Tissue concentrations for N and Ca increased for all treatments from 1996 to 1997 (Table 48).
The N concentration for borrow soil moved from least in 1996 to among the greatest in 1997. In
both years Ca concentration was least on plots receiving sewage sludge alone. In 1996 tissue
concentrations of P and K were greater for all treatments receiving sewage sludge than for
treatments not receiving sewage sludge. In 1997 P and K concentrations increased in all
treatments not receiving sewage sludge, resulting in less treatment variation for P and K. Tissue
Mg concentrations in 1996 were greatest for the Mg-gypsum FGD treatments. Magnesium
concentrations generally increased in 1997, and were least for sewage sludge alone and
Conesville FGD with sewage sludge (Table 48). Sulfur concentrations in herbaceous cover also
generally increased in 1997 (Table 49). Sulfur was least for borrow soil and sewage sludge
alone, two treatments that did not involve large additions to soil S.

In both years tissue B concentrations were generally greater for all FGD treatments than for
borrow soil or sewage sludge alone (Table 49). All FGD treatments showed substantial
decreases in tissue B in 1997. Both Conesville FGD treatments had noticeably elevated Mo in
1997 (Table 49). Zinc concentration in 1997 was greatest for sewage sludge alone (Table 50).
Tissue concentrations of Mn, Fe, Al, and Na (Tables 49-50) decreased for all treatments in 1997.
High concentrations of Fe and Al in 1996, particularly for borrow soil, were probably due to soil
contamination of herbaceous material when raking after mowing. Tissue concentrations for Be,
Cd, Co, Cr, and Ni were relatively low for all treatments (Table 51). Although Ni is usually of
concern because of its potential toxicity in plants, it is an essential element required at a an
approximate concentration of 0.1 mg/kg (Asher,1991). Cobalt is required by N fixing plants.
Concentrations were below the detection limits for Hg (2.30 mg/kg), Pb (0.95 mg/kg), and As
(1.75 mg/kg) except for borrow soil in 1996 (As=1.87 mg/kg).
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H. Tree Foliar Element Concentrations

Element concentrations in tree foliage during the second growing season are listed in Tables 52-
59. Calcium, boron, and molybdenum showed similar concentration relations with treatment in
both tree foliage and herbaceous cover. As in herbaceous cover, tree foliage had least Ca on
plots amended with sewage sludge alone (Table 53). All tree species had greater B for all FGD
treatments compared to borrow soil or sewage sludge alone (Table 54). White ash, sycamore,
and black locust had greater Mo on both Conesville FGD treatments than on other treatments
(Table 55). On Conesville FGD, Mo concentrations were strikingly elevated in black locust
(Table 55) and in herbaceous cover (Table 49). The N fixing abilities of black locust and the
legumes that dominate the herbaceous cover (Table 46) may explain the similarities in Mo
concentrations for locust and the herbaceous cover. Molybdenum is a component of the
nitrogenase enzyme that functions in N fixation. High Mo concentrations in black locust and
herbaceous cover may represent luxury consumption by these N fixing plants. The Mo levels in
black locust and herbaceous cover are probably not toxic to those plants. A Mo concentration
greater than 135 mg/kg was necessary to produce toxicity in barley, and some plant species
tolerate 500 mg/kg Mo (Jones,1991).

Foliar N did not vary significantly with soil amendment treatment except in white ash (Table 52).
White ash had greater foliar N for both treatments involving Conesville FGD than for other
treatments. Foliar P was generally least for trees grown on borrow soil or on Mg-gypsum FGD
alone (Table 52). All species except sycamore generally had least foliar K (Table 52) but
greatest foliar Mg (Table 53) on Mg-gypsum FGD alone. All species had low foliar Mg on
borrow soil. Foliar S was greatest for black locust on sewage sludge + Mg-gypsum FGD and for
white ash on Mg-gypsum FGD alone (Table 53).

Of the micronutrient elements, only B and Mo, which are described above, and Ni showed strong
effects of soil amendment treatment. All species except sycamore had greatest Ni concentrations
on borrow soil or sewage sludge alone (Table 59). In white ash, foliar Mn for both Conesville
FGD treatments (Table 54, 15-17 mg/kg) was near deficiency levels (Stone,1968). Manganese
concentrations of 20 to 500 mg/kg are considered normal for a variety of plant species
(Jones,1991). Foliar Fe, Cu, and Zn (Tables 54-55) were at sufficient levels for all tree species.

Concentrations of Al, Si, Ba, and Sr (Tables 56-57) showed significant treatment variations in
one or more tree species, but the biological significance of these variations is uncertain.
Concentrations of Be (Table 57), Co, Cd, Cr (Table 58), and Pb (Table 59) were relatively low
for all tree species. Sycamore did have greater Cd on sewage sludge alone than on several other
treatments. All tree species had concentrations below the detection limits for As (1.75 mg/kg)
and Se (4.65 mg/kg).
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IV. DISCUSSION
A. Element Concentrations in Runoff

We report elemental analyses of unfiltered runoff samples that were digested four hours with a
nitric acid-perchloric acid mix. This digestion undoubtedly dissolved some suspended mineral
and organic particles, thus increasing the total (digest) concentrations for elements such as Al,
Fe, K, and P. These analyses give an idea of total amounts of elements coming from the various
treatments, but are an upper bound for estimating elements exported in solution.

We built the runoff collection flumes from exterior plywood, pressure-treated with chromated
copper arsenate, and we coated them with roofing tar following installation. We can not rule out
the possibility that some of the Cr, Cu, and As found in runoff samples came from the treated
wood. The manufacturer states that chromated copper arsenic forms a complex with wood that
makes it relatively resistant to leaching. If additional funding becomes available, we will coat
the flumes with waterproof fiberglass resin or some other waterproofing agent.

B. Plant Growth

All treatments resulted in a complete cover by herbaceous plants, up to February 26, 1998. How
long this cover will remain intact is an open question that can be answered by continued
monitoring. In the long run, some of the planted trees, especially black locust and sweetgum,
will dominate the plots but they are not contributing to erosion prevention at present. Browsing
by a large deer population, and competition from the ground cover is reducing tree survival and
preventing rapid tree growth. There is thus a tradeoff between the desirable effect of ground
cover on erosion prevention, and its less desirable effect on tree establishment. Of course, some
land managers may not be interested in tree establishment, so from their viewpoint herbaceous
cover effects would be wholly positive.

Did the sewage sludge and FGD treatments result in plant cover equal to or better than borrow
soil, in terms of ground cover yield and erosion protection? The short answer is “Yes.” In 1996,
herbaceous biomass was least on the borrow soil plots, and up to 15 times greater on plots treated
with a combination of FGD and sewage sludge (Table 46). In 1997, yield differences were less
dramatic, but all other treatments were at least as productive as borrow soil, and sewage sludge +
Conesville FGD gave significantly higher aboveground biomass. In 1997, total canopy cover did
not differ among treatments, although there were significant treatment differences in percent
cover by grasses and legumes (Table 46). Borrow soil had the lowest proportion of grasses and
the highest proportion of legumes of any treatment.

Tree survival was most promising on sewage sludge alone, intermediate on borrow soil, and least
promising on all treatments with FGD. Both treatments with Conesville FGD had notably poor
tree survival compared to borrow soil or sewage sludge alone. Decreased tree survival for FGD
treatments may have resulted from elevated soluble salts (electrical conductivity) and boron in
the soil. In the second year, trees on Conesville FGD treatments may have suffered from greater
herbaceous competition in the presence of greater herbaceous biomass. Increased herbaceous
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competition on Conesville FGD treatments is of questionable overall importance for tree survival
because first-year survival tended to be least on Conesville FGD alone even though this
treatment had sparse first-year herbaceous biomass.

C. Boron and Molybdenum in Plants

In a boron toxicity study with American sycamore, nutrient solutions containing 2 or 4 mg of B
per liter caused B toxicity symptoms of chlorotic or necrotic zones along margins of lower
leaves. Water extracted from suction lysimeters in all FGD treatments in 1996 at both 30 and 60
cm exceeded 2.0 mg/L B, as did extracts from the Conesville treatments in 1997. Boron
concentration in runoff from FGD-treated plots was elevated above sewage sludge or borrow soil
treatments on two sample dates in both 1996 and 1997, but exceeded 2.0 mg/L only in the
August 1, 1996 samples. Foliage of sycamore, collected in 1997, had significantly higher
concentrations of B in samples from FGD-treated plots (Table 54), but with concentrations that
were below those giving toxicity symptoms in nutrient solution culture studies of Vimmerstedt
and Glover (1984). Boron in herbaceous tissue from FGD-treated plots was also greater than that
from borrow soil or sewage sludge treated plots, with larger differences in 1996 than in 1997
(Table 49). Boron in the FGD did not reduce plant yields below those from the non-FGD
treatments (Table 46). In a study with black locust seedlings (Kost and Vimmerstedt, 1992), fly
ash from the Conesville power plant contained high levels of B, and we consider fly ash to have
been the source of B in the Conesville FGD treatments in this research. We are puzzled by
finding high B in the Mg-gypsum FGD treatments, because this supposedly contained no fly ash.

The relatively high Mo concentrations in ground cover on Conesville FGD plots could induce Cu
deficiency in grazing animals. To prevent Cu deficiency, it is suggested that the Cu/Mo ratio in
animal diets should be 2:1 for cattle and as high as 4:1 for sheep (Miller et al.,1991). In 1997,
the Cu/Mo ratio in ground cover was 1:3.7 for Conesville FGD alone and 1:2.2 for sewage
sludge + Conesville FGD.

V. CONCLUSIONS

All FGD treatments resulted in initially successful reclamation of acid, toxic coal spoils, with
herbaceous plant cover equal to or better than that on borrow soil, in terms of providing
protection from soil erosion. In both 1996 and 1997, sewage sludge + Conesville FGD gave the
highest aboveground biomass. Determination of long term effects requires continued
monitoring.

Trees survived best on the sewage sludge plots, but height growth did not differ among
treatments in 1997. Several more years of observation are needed to assess treatment effects on
trees.

Elevated boron concentrations in soil, vadose water, runoff, and plant tissue from FGD
treatments indicates that boron toxicity may be a problem for plants grown in soils amended with
FGD, although there was no evidence of plant growth reduction due to high B.




The rather high frequency with which runoff samples exceeded the recommended maximum
contaminant level (RCML) for arsenic, mercury, lead and selenium is of concern. Preservative-
treated plywood is a possible source of the As. Concentrations of Ba, Cd, Cr, Cu and Zn in
runoff water are not a problem.

Concentrations of Fe and Mn in runoff, while not a health hazard, were often higher than
suggested limits for aesthetic reasons.
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