
An Evaluation of the Potential for Utilizationof Nanticoke Fly Ash 
as a Liming Material on Acidic Soils of the Haldimand-NorfoIk Region

Fly Ash Utilization 
Program Phase II Greenhouse Project

C.J. Warren
R.W. Sheard

Department of Land Resourse Science, University of Guelph 
GUELPH, ONTARIO N1G 2W1

University of Guelph



AN EVALUATION OF THE POTENTIAL FOR UTILIZATION OF NANTICOKE FLY ASH AS A
LIMING MATERIAL ON ACIDIC SOILS OF THE HALD IM A ND-NORFOLK REGION

FLY ASH UTILIZATION PROGRAM

PHASE II GREENHOUSE PROJECT

Final Report

July, 1990

Principal Investigators

C.J. Warren 
R.W. Sheard

Department of Land Resource Science 
University of Guelph 

Guelph, Ontario. 
NIG 2W1

Prepared for:

Ontario Hydro 
Research Division 
800 Kipling Ave. 
Toronto, Ontario



AN EVALUATION OF THE POTENTIAL FOR UTILIZATION OF NANTICOKE FLY ASH AS A
LIMING MATERIAL ON ACIDIC SOILS OF THE

HALDIMAND-NORFOLK REGION

C.J. Warren and R.W. Sheard, Department of Land Resource Science, 
University of Guelph, Guelph, Ontario NIG 2W1

ABSTRACT

Ontario Hydro’s Nanticoke generating station, located in the Haldimand-Norfolk region on the 
shores of Lake Erie, annually produces about 600,000 tonnes of fly ash. Initial estimates suggest that at 
least 660,000 tonnes of fly ash produced at the Nanticoke station could be applied as a liming agent to local 
acidic agricultural soils. The objectives of the project were: (1) under greenhouse conditions determine the 
influence of fly ash, applied as a liming material to two representative soils of the Haldimand-Norfolk 
region, on the growth and chemical composition of com, alfalfa, wheat, and soybeans; (2) to determine 
changes at monthly intervals in soil pH values, extractable cations, hot water soluble boron, and acid 
extractable metals for ash amended soil; and (3) to measure the changes in the moisture release 
characteristics resulting from the addition of fly ash.

Samples of top soil (0 - 10 cm depth increment) from a sandy loam textured soil representative of 
the Fox series and a clay textured soil representative of the Haldimand series were obtained for the 
experiments. Initial pH values (in 0.01 mol.L-1 CaCl2) for the two soils were 4.9 and 4.5, respectively. The 
soils were treated with CaCO3 at the recommended liming rate (1.12 and 9.63 tonne.ha-1 for the Fox and 
Haldimand soils, respectively) and fly ash at rates of 0, 0.5, 1.0, 1.5 and 2.0 times the equivalent CaCO3 rate 
based on total Ca and Mg content of the ash. It was predicted that roughly 10 times the mass of fly ash 
compared to CaCO3 would be required to obtain the same unit change in soil pH values. Pots containing 
the ash and CaCO3 treated soils were prepared in quadruplicate and seeded with com (Zea mays, cv.
Pioneer 3949), alfalfa, (Medicago sativa, cv. Preserve), wheat (Triticum sativa, cv. Columbus), and soybeans 
(Glycine max, cv. Baron). For a second experiment seven replicates of the same ash and CaCO3 
treatments was prepared and planted with alfalfa. One pot representing each treatment was dismantled at 
monthly intervals and the soils analyzed for pH values, exchangeable cations, content of hot water soluble 
boron (HWSB) and acid extractable Cu, Mn, and Zn to assess changes with time. A third experiment was 
established with the same CaCO3 treatments but lower rates of ash, depending on the crop. Pots were 
planted with two successive crops of com or soybeans to assess differences in the effect of a single 
application of ash on the sequentially grown crops. Samples of both soils and the fly ash were submitted for 
instrumental neutron activation analysis to determine concentrations of selected trace elements and to 
calculate elemental loading rates. Moisture retention curves for both of the ash treated soils were 
determined using a pressure plate apparatus.

Results of the experiments indicated that the Nanticoke fly ash was capable of performing as a 
liming material on acidic soils of the Haldimand-Norfolk region. Soil pH values were increased with 
increasing rates of ash but not to predicted levels. The pH values of the CaCO3 treated samples were 
higher than the levels achieved using even the highest application rate of ash. The lower than predicted soil 
pH values were attributed to the inadequacy of the total Ca and Mg method to accurately predict the liming 
potential of the ash coupled with underestimation of the lime requirement for both soils using the SMP 
buffer method. Using linear regression analysis application rates of 102 and 233 tonne.ha-1 for the Fox and 
Haldimand soils, respectively, would be required to raise soil pH values to 6.5.

Fly ash was applied at maximum rates of 20 tonne.ha-1 to the Fox soil and 167 tonne.ha-1 to the 
Haldimand soil which represented increases of 0.97 % and 8.4% based on mass of soil from the 0 - 10 cm 
depth increment. Addition of ash decreased the amount of moisture retained by the clay textured 
Haldimand soil at higher tensions (i.e., approaching 1500 kPa) and thus increased the amount of plant
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available moisture. The amount of ash added to the Fox soil did not significantly (P > 0.05) change the 
amount of plant available moisture. The highest application rate of ash applied to the Haldimand soil 
produced calculated increases in total concentrations of As, B, Ba, Co, Cr, Mo, Sb, Sr, Th, and Zn ranging 
from 10% to 66 %. Addition of fly ash to the Fox soil did not increase total concentrations greater than 5%, 
except B which was increased by 17% at the highest application rate. Total concentrations of elements in 
the ash amended soils were not outside average ranges expected for most soils.

The fly ash amended soils were able to supply adequate amounts of plant nutrients to all crops 
receiving normal rates of fertilization, but yields of com, wheat, soybeans were reduced with increasing 
application rates of fly ash. Yields of alfalfa on the clay soil were increased with increasing rates of fly ash 
to a maximum yield not significantly different from the CaCO3 treatment at approximately 100 tonnes of 
ash per ha. Yields of alfalfa on the sand textured Fox soil displayed no significant differences (P > 0.05) 
among treatments. Metal concentrations in plant dry matter grown on either soil were not significantly 
increased (P > 0.05) with increasing rates of ash. The B content of all plants grown on the ash amended 
soils generally increased as a linear function of fly ash application rate. Content of B in plant dry matter 
exceeded maximum normal concentrations at the highest application rates of ash and was implicated as the 
limiting factor to growth of agronomic crops on the ash amended soils. High uptake of B may have been 
accentuated due to growth of the crops in closed pots that were not allowed to leach.

Yields for the second harvests in the com-com and soybeans-soybeans rotations after an initial 
application of ash displayed increased yields (normalized to the CaCO3 treatment) relative to the first 
harvests. The concentrations of B in the com crops were not significantly different (P > 0.05) between 
harvests. However, B concentrations in the second crop of soybeans were reduced compared to the first, 
suggesting that the levels of plant available B in the ash amended soils were not maintained by the ash and 
that harmful concentrations B in ash amended soils may be reduced through leaching.

After initial changes due to addition of the fly ash, pH values, content of exchangeable cations, hot 
water soluble boron and acid extractable Cu, Mn, and Zn displayed only minor changes with time. Soil pH 
values within different treatments did not change significantly (P > 0.05) with time. Relative abundances of 
cations on the exchange complex were not significantly different among treatments and followed the order 
of abundance: Ca > Mg > K > Na for the Haldimand soil and Ca > K > Mg > Na for the Fox soil. The 
low amount of exchangeable Na reflected the low salinity and total content of soluble salts in the ash 
(electrical conductivity = 1.1 dS.m-1 in 1:1 H2O). Content of hot water soluble boron decreased 
significantly with time further supporting the suggestion that the high content of plant available B in the 
amended soils was in limited supply and could be reduced with leaching.

Fly ash obtained from the ash storage pile of the Nanticoke power plant may be applied as a liming 
material to acidic soils of the Haldimand-Norfolk region under certain provisions. Application of fly ash 
should be restricted to a single maximum application of 100 tonne.ha-1 only on acidic clay textured soils. 
Boron tolerant crops, such as alfalfa, should be grown initially after application to avoid B toxicity. 
Production of other crops may be feasible provided there is a decline in hot water extractable B in the soil 
as well as plant tissue B. Further research, conducted under field conditions, should be carried out in order 
to relieve the attached provisions. Leaching of ash amended soils may reduce or eliminate B toxicity 
problems and facilitate the growth of crops other than alfalfa and repeated applications of fly ash. One 
possible long term and profitable use of the Nanticoke ash might be to apply the ash to soil slated for use as 
topsoil cover on ash disposal piles. The procedure might be used to increase the volume of topsoil per unit 
area and thus reduce the land area required to provide topsoil cover for ash disposal piles.
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AN EVALUATION OF THE POTENTIAL FOR UTILIZATION OF NANTICOKE FLY ASH AS A
LIMING MATERIAL ON ACIDIC SOILS OF THE

HALDIMAND-NORFOLK REGION

C. J. Warren and R. W. Sheard, Department of Land Resource Science, 
University of Guelph, Guelph, Ontario NIG 2W1

INTRODUCTION

Ontario Hydro operates five major thermal electric generating stations in the province of Ontario. 
The Nanticoke power plant, located in the Haldimand-Norfolk region on the shores of Lake Erie, annually 
consumes an estimated 7 million tonnes of bituminous coal and produces about 600,000 tonnes of fly ash 
which is stored on-site. One method suggested for utilization and disposal of fly ash is to apply the material 
as a liming agent to local agricultural soils that are naturally acidic (Sheard and Winch 1988). Initial 
estimates suggest that the region could utilize at least 660,000 tonnes of fly ash in this manner.

The main limitation of applying fly ash to agricultural soils is the potential for release of some 
trace elements at concentrations that may be detrimental to the production of agronomic crops. The 
concentration of some trace elements within fly ash may be enriched relative to terrestrial abundances 
(Kronberg et al. 1981; Eary et al. 1990). Some elements are also enriched on the surfaces of ash particles 
(Davidson et al. 1974; Linton et al. 1976; Haynes et al. 1982). It has been demonstrated that 50% or more 
of the total As, B, Cu, Cr, Mn, Ni, V, and Zn in some ashes may be released during weathering (Warren 
and Dudas 1988). Plants grown on fly ash amended soils may take up these elements to concentrations that 
are phytotoxic or accumulate to levels injurious to animal health.

The chemical composition, reaction, and distribution of elements within fly ash particles vary 
widely depending on the source of the coal, firing conditions, and methods of collection and storage (pun 
et al. 1977). Therefore it is important to assess the chemical properties and behavior of fly ashes from 
different sources on an individual basis. To this end the authors were contracted by Ontario Hydro to 
conduct a greenhouse study to investigate the potential for use of the Nanticoke fly ash as liming material 
on acidic agricultural soils of the Haldimand-Norfolk region. The specific objectives of the project were:

1. Under greenhouse conditions to measure the influence of fly ash amendments to two 
representative soils of the Haldimand-Norfolk region, Haldimand clay and Fox sandy loam, on the growth 
and chemical composition (N, P, K, Ca, Mg, Fe, Mn, Cu, Zn, Mo, B, S, and Se) of the principle farm crops 
of the region (com, soybeans, wheat, and alfalfa).

2. To measure the changes in soil pH, ammonium acetate extractable cations, water soluble boron, 
and acid extractable Mn, Zn, Cu, Mo, and Se in the soil at monthly intervals throughout the experiment.

3. To measure the changes in the moisture retention curves of the two soils resulting from the 
addition of fly ash.

The following report summarizes results from a set of greenhouse and laboratory experiments 
conducted in an effort to address the above objectives.
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EXPERIMENTAL

Sampling

Approximately 1500 kg of topsoil (0 - 10 cm depth) was collected from each of two sites in the 
Haldimand-Norfolk area. The two sample sites were selected from among several potential sites on the 
basis of preliminary inspection, soil texture, and initial soil pH values. The two selected sample sites were 
representative of the Fox and Haldimand series. The Fox soils have developed on sandy textured 
glaciolacustrine deposits while the Haldimand soils have developed on clay textured lacustrine deposits. 
The two soils cover 25235 ha (8.7%) and 54508 ha (18.7%), respectively, of the Haldimand-Norfolk region 
(Presant and Acton 1984). Samples of each soil were submitted to the Ontario Institute of Pedology’s 
analytical laboratory for characterization. Some characteristics of the soil samples are presented in Table 1.

Table 1. Some physical and chemical characteristics of 0 to 10 cm depth 
samples of the Haldimand and Fox soils.

Property Fox Haldimand

Sand (%) 87.0 20.1

Silt (%) 8.9 38.1

Clay (%) 4.1 41.4

Texture Loamy Sand Clay

pH in 0.01 mol.L-1 CaCl2 4.9 4.5

Org. Matter (g.kg-1) 10 29

Cation Exchange
Capacity (cmol( + ).kg-1)

3.5 14

Approximately 400 kg of sluiced fly ash was obtained during a single sampling from Ontario 
Hydro’s Nanticoke power plant. The Nanticoke fly ash may be categorized as ferrocalsialic (Roy and 
Griffin 1982) with a 77.8% sialic component, 13.4% ferric component and 8.8% calcic component. 
Detailed charcteristics of the ash are described elsewhere (Dayal and Zhou 1989). The ash was collected 
from the stock pile in 25 L plastic containers. The moisture content of the ash was above saturation at the 
time of sampling. The samples were allowed to settle in the sample containers and the excess water poured 
off. The ash samples were then air dried and passed through a 2 mm sieve.

The bulk samples of each of the soils and the fly ash were homogenized by repeated mixing in a 
large reciprocating mixer. Small subsamples were collected at random times during the mixing process to 
assess homogeneity of the materials for pH values and moisture content.
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Determination of Lime and Fly Ash Application Rates

The pH values of the soils and the fly ash were determined in 1:2 (solid:solution) suspensions of 
0.01 mol.L-1 CaCl2 (McKeague 1978). The lime requirement for the two soils was determined using the 
SMP buffer method (Shoemaker et al. 1961; Webber et al. 1977; McKeague 1978). The method is 
commonly used to provide an estimate of the application rate of agricultural limestone required to raise the 
pH values of acidic soils to 6.5 which is considered optimum for the growth of most agricultural crops.

The acid neutralizing capacity of the Nanticoke fly ash was estimated from the content of total Ca 
and Mg in the sample (Carithers et al. 1986). This empirical approach provides an estimate of the amount 
of fly ash required to equal the liming effect of pure CaCO3. The main assumption of the approach is that 
the acid neutralizing capacity of the ash is equal to the total Ca and Mg content expressed in terms of 
CaCO3 equivalence. The total concentrations of Ca and Mg was determined for quadruplicate subsamples 
of the ash. Ash samples were digested using concentrated HF and HC1 (Pawluk 1967) and the digests 
analyzed for total concentrations of Ca and Mg by flame atomic absorption spectrophotometry.

Experiment 1: Liming Rates

Samples of each of the homogenized soils were weighed into separate plastic pots lined with 
polyethylene bags. Six treatments were applied in quadruplicate to pots of each soil and for each crop as 
follows:

1. nontreated.

2. reagent grade CaCO3 applied at the recommended liming rate.

3. fly ash applied at 0.5 times the amount required to equal the recommended liming 
rate.

4. fly ash applied at the amount equalling the recommended liming rate,

5. ash applied at 1.5 times the amount required to equal the recommended liming 
rate.

6. ash applied at twice the amount required to equal the recommended liming rate.

The specific application rates for each soil are given in Table 2. The inclusion of the CaCO3 
treatment was intended to differentiate observed chemical effects due to the addition of the ash from 
effects due strictly to changes in the soil pH values. All pots also received additions of fertilizer equivalent 
to 70 kg.ha-1 N, 200 kg.ha-1 P, 200 kg.ha-1 K and 80 kg.ha-1 S.

Four crops: com (Zea mays, cv. Pioneer 3949), alfalfa, (Medicago sativa, cv. Preserve), wheat 
(Triticum sativa, cv. Columbus), and soybeans (Glycine max, cv. Baron) were planted in separate sets of 48 
pots each. Com and soybeans were planted in pots which contained approximately 14.3, and 6.9 kg of soil, 
respectively, while the wheat and alfalfa were planted in pots containing 3.9 kg of soil. All crops were 
planted at twice the required seeding density or greater and thinned after emergence to 2, 4, 4, and 6 plants 
per pot for the com, soybeans, wheat, and alfalfa crops, respectively. All crops were planted May 17, 1989 
and were grown in a greenhouse under controlled conditions that provided diurnal sinusoidal fluctuations in 
temperature and humidity (King et al. 1962).
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Table 2. Application rates of ash and CaCO3 applied to each soil.

Treatment Fox Haldimand

Nontreated 0 tonnes.ha-1 0 tonnes.ha-1

CaCO3 1.12 tonnes.ha-1 9.63 tonnes.ha-1

0.5 Times 5 tonnes.ha-1 42 tonnes.ha-1

1.0 Times 10 tonnes.ha-1 84 tonnes.ha-1

1.5 Times 15 tonnes.ha-1 125 tonnes.ha-1

2.0 Times 20 tonnes.ha-1 167 tonnes.ha-1

Experiment 2: Time Sequence

A second greenhouse experiment was established to monitor changes in the ash treated soils with 
time (time sequence experiment). Approximately 1.7 kg of each of the soils were placed in a set of pots 
treated with the same rates of fly ash and CaCO3 described for Experiment 1. All treatments were 
replicated seven times. All pots were seeded with alfalfa to a final plant density of three plants per pot. At 
one month intervals after the date of planting, one of the replicate pots from each treatment was 
dismantled, air dried, and passed through a 2 mm sieve.

All soil materials collected for the time sequence experiment were analyzed for pH, hot water 
soluble boron (HWSB), acid extractable Cu, Mn, and Zn, and exchangeable cations. Soil pH values were 
determined in 1:2 (solid:solution) suspensions of 0.01 mol.L-1 CaCl2 (McKeague 1978). Soil pH values 
were also obtained for some samples from Experiment 1 used to grow crops other than alfalfa. Content of 
HWSB in the samples were determined using the procedure outlined by McKeague (1978). Extracted 
solutions were analyzed for total content of B by inductively coupled plasma atomic emission 
spectrophotometry (ICP-AES; Spiers et al. 1990). Subsamples of soil were also extracted with 1 mol.L-1 
HC1 (Dudas and Pawluk 1977) and the total content of Cu, Mn, and Zn in the extracts were determined by 
ICP-AES. Concentrations of Se and Mo were below operational detection limits. Exchangeable cations 
(Ca, Mg, K, and Na) were extracted using neutral, normal ammonium acetate (McKeague 1978) and the 
extracts analyzed by flame atomic absorption spectrophotometry.

Experiment 3: Sequential Cropping Study

A supplemental greenhouse experiment was conducted to assess any differences in the effect of a 
single application of ash on crops grown sequentially after administering the treatment. Early evidence 
from the liming experiment (Experiment 1) suggested rates of fly ash application should differ depending 
on both the soil and the crop. Approximately 6.9 kg of each soil was placed in a set of 21 pots treated, in 
triplicate, with CaCO3 at the recommended rate and six application rates of fly ash depending on the test 
crop (Table 3). The pots were planted in either a com-corn or soybeans-soybeans rotation. The soil in all 
pots were remixed between plantings.



Crop Fox Haldimand

—---------  tonnes fly ash.ha-1----------

Corn 0 0
Soybeans 0 0

Corn 10 50
Soybeans s 10

Corn 15 75
Soybeans 7.5 15

Corn 20 100
Soybeans 10 20

Corn 25 125
Soybeans 15 30

Corn 30 150
Soybeans 20 40

---------— — tonnes CaCO3.ha-1 ---------

Corn 1.12 9.63
Soybeans 1.12 9.63

5

Table 3. Application rates of ash and CaCO3 applied to each soil and crop 
for sequential cropping experiment.

Soil Sampling and Plant Harvest

All crops were harvested in their vegetative state prior to maturity. The wheat, com, and soybeans 
were harvested 59, 65, and 70 days, respectively, after planting. Three cuts of alfalfa were collected 51, 77, 
and 107 days after planting. Both crops (com and soybeans) planted in the sequential cropping experiment 
(Experiment 3) were harvested after 58 and 60 days of growth for the first and second harvests, 
respectively. In all cases the entire above ground vegetative parts of all plants grown in each pot were 
collected as single bulk samples. Plant height measurements (if any) were obtained immediately prior to 
harvest. In some cases (e.g. soybeans) seed pods were separated from the other vegetative plant parts and 
treated as separate samples. All vegetative samples were oven dried to constant mass at 60°C. All yields 
were determined and reported on the basis of oven dry plant material. After oven drying all vegetative 
samples were ground to particle size less than 0.2 mm diameter (0.5 mm in the case of com) and stored in 
sealed plastic vials until analysis.
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Sample Preparation and Analyses

The total concentration of As, Ba, Ca, Co, Cr, Fe, Mo, Na, Sb, Se, Sr, Th, U, and Zn in the ash and 
the two soils were determined by instrumental neutron activation analysis (INAA). Triplicate one gram 
subsamples of both soils and the Nanticoke fly ash were prepared and submitted to X-ray Assay 
Laboratories, Don Mills Ontario. Total concentrations of B were determined by neutron activation 
prompt-y analysis using the same samples. The loading rates of trace elements applied with the ash were 
calculated for each soil based on the mean elemental concentrations for the ash.

To determine the elemental content of the plant material, samples were digested by two separate 
methods. To determine the total content of N, subsamples of the oven dry plant material was subjected to 
Kjeldahl digestion using Se as a catalyst (Ashton 1936). The total content of N in the digests were 
determined colorimetrically employing an AA2 AutoAnalyzer (Thomas et al. 1967) A separate set of 
subsamples were digested with HNO3 (Zarcinas et al. 1987) and the digests analyzed for total content of P, 
K, Ca, Mg, Fe, B, Mn, Cu, and Zn by ICP-AES. Concentrations of Se and Mo were below operational 
detection limits. Total content of S in some to the HNO3 digests was determined turbidimetrically 
(Garrido 1964; Sheard 1980).

Moisture Retention Curves

Moisture retention curves for both soils were constructed from data collected using a pressure 
plate apparatus (McKeague 1978). Triplicate samples of air dried 2 mm sieved soils treated with fly ash at 
rates described in Experiment 1 were equilibrated to pressures of 5, 10, 20, 33, 100, 200, 400, 800, and 1500 
kPa. Equilibrated samples were then oven dried to constant mass at 105°C and moisture contents 
calculated on a gravimetric basis. Plant available moisture content was calculated based on the difference 
between the gravimetric moisture content at 10 and 1500 kPa, for the sandy textured Fox soil and between 
33 and 1500 kPa for the clay textured Haldimand soil.

RESULTS AND DISCUSSION

Soil pH Values (Liming Effect)

The measured pH values for the nontreated samples of the Fox and Haldimand soils were 4.9 and 
4.5, respectively (Table 1). The lime requirement to bring pH values to 6.5, based on the SMP buffer 
method, for the Haldimand and Fox soils were 9.63 tonne.ha-1 and 1.12 tonne.ha-1, respectively. The pH 
value of the ash sample was 8.9, The lime content of the Nanticoke fly ash calculated in terms of CaCO3 
equivalent was 11.5% (±0.2%). Therefore, based on the calculations using the Ca and Mg content method 
for estimation of equivalent CaCO3 content (Carithers et al. 1986), roughly ten times the mass of ash 
compared to CaCO3 was predicted to be necessary to obtain the same effect on soil pH readings.

The pH values for the lime and fly ash treated soils are represented in Figure 1. The type of crop 
grown had no significant effect (P <= 0.05) on the soil pH values. However, there were significant 
differences among the lime and ash treatments for both soils. The pH values of the CaCO3 treated samples 
were not increased to 6.5 as predicted by the SMP buffer method suggesting that the SMP buffer method 
may not be suitable for predicting the lime requirements of soils used in greenhouse studies.

The rates of fly ash applied to each of the soils brought about increases in the soil pH values, but 
not to the level predicted using the method of Carithers and coworkers (1986). The pH values for all ash 
treated soils were lower than the pH values for the respective CaCO3 treatments. Even the highest 
application rate of ash, predicted to contained twice the required CaCO3 equivalent, did not increase pH 
values as much as the pure CaCO3 treatment.
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Figure 1. Histograms representing soil pH values for the Haldimand and Fox soils treated 
with lime and fly ash (tonne/ha). Similar letters above each bar indicate values 
that are not significantly different (P = 0.05).
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Failure of the ash to increase soil pH values by the predicted amount was attributed to a combined 
effect of the SMP buffer procedure and the total Ca and Mg method of estimating the CaCO3 equivalent of 
the ash (Carithers et al. 1986). The total Ca and Mg method assumes that all Ca and Mg in the ash occurs 
in a readily reactive oxide form. This is not strictly true as some Ca and Mg is contained in the very slowly 
reactive aluminosilicate glassy matrix of the ash particles (Warren and Dudas 1984; Dudas and Warren 
1987). Sluicing the ash also reduces liming potential by hydrolyzing and dissolving reactive CaO and MgO 
present in the fresh ash. The sluiced ash used in this study had probably lost a relatively large proportion of 
it’s readily reactive ingredients.

Increases in soil pH values with increasing rates of ash could be expressed according to the 
following first order regression equations for the Haldimand and Fox soils, respectively:

pH = 4.48 + 8.65*10 -3 * (ash rate in tonne.ha-1) R2 = 0.99 [1]

pH = 4.88 + 1.58*10 -2 * (ash rate in tonne.ha-1) R2 = 0.94 [2]

The value for the slope of the regression equation for the Fox soil was about twice the value for the 
Haldimand soil. Therefore about twice the amount of ash would be required by the clay textured soil 
(Haldimand) compared to the coarser textured soil (Fox) to obtain the same unit increase in pH value. 
This reflected the higher pH buffering capacity of the clay textured soil compared to the sand and indicated 
the greater ability of the finer textured soils of the region to tolerate higher loading rates of ash. Assuming 
that the linear relationship holds over the extrapolated range for the regression equations, fly ash 
application rates of 102 and 233 tonne.ha-1 for the Fox and Haldimand soils, respectively, would be 
required to raise soil pH values to 6.5. These rates represent a 5 and 1.4 fold increase in the highest rates 
of ash used in the greenhouse experiment.

Moisture Retention Curves

Moisture retention curves for the Haldimand and Fox soils treated with increasing rates of fly ash 
are shown in Figure 2. The amount of plant available water (Table 4) in the Haldimand soil was 
significantly increased (P <=0.05) with increasing application rates of ash. The Fox soil did not display a 
similar increase. The increase in the amount of plant available moisture in the clay textured soil was due to 
a decrease in the amount of moisture retained by the samples at higher tensions (i.e. approaching 1500 kPa; 
Figure 2). Moisture contents at the lower tensions were not significantly different (P > 0.05) among 
treatments. Changes in the moisture holding capacity of ash amended soils are primarily related to changes 
in texture due to additions of large quantities of ash (Chang et al. 1977). The highest rate of ash applied to 
the Haldimand soil (167 tonne.ha-1) represented an addition of 8.4% to the total mass of the 0 to 10 cm 
depth increment. The highest rate of ash applied to the Fox soil represented an addition of less than 1 % 
(Table 4). The addition of the large amount of silt textured ash material (Chang et al. 1977) to the initially 
clay textured soil would produce a slight shift in the overall texture of the sample and account for the 
increase in plant available moisture. The amount of ash applied to the Fox soil would not significantly 
affect the texture and therefore not produce a significant shift in moisture retention characteristics.
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Figure 2. Moisture retention curves for the Haldimand and Fox soils. Moisture content is 
expressed on a gravimetric basis (θm).
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Table 4. Amount of plant available moisture in the Haldimand and Fox soils 
treated with increasing rates of fly ash. Similar letters 
beside entries for plant available moisture content for each 
soil indicate no significant difference (P < 0.05) between 
values.

Soil Ash Rate Plant Available Moisture

tonne.ha-1 (%)* * Mean (g.g-1 ) ** S.D.

Fox 0 0.0 0.067 ab 0.004
5 0.24 0.072 a 0.004

10 0.48 0.056 b 0.003
15 0.73 0.058 ab 0.003
20 0.97 0.059 ab 0.004

Haldimand 0 0.0 0.108 e 0.003
42 2.1 0.114 d 0.001
84 4.2 0.121 c 0.004

125 6.3 0.126 b 0.005
167 8.4 0.135 a 0.002

Calculated based on the mass of soil from a 0 - 10 cm depth increment.
* * Standard Deviation

Elemental Loading Rates

The total content of selected trace elements in the Nanticoke fly ash and the predicted total 
concentration of elements in the fly ash treated soils, based on application rates of the ash, are presented in 
Table 5. The concentration of most trace elements in the ash were higher than average values for soil 
(Bowen 1979). Only As, B, and Se were in the order of 10 times more concentrated compared to average 
values for soil. It was calculated that the addition of fly ash to the Fox soil would account for less than a 5% 
increase in the total concentration of most elements. The exception was the total content of B in the Fox 
soil which was increased by 17 % at the highest application rate of ash compared to initial soil contents. 
The highest rate of application of fly ash on the Haldimand soil produced calculated increases in the total 
contents of As, B, Ba, Co, Cr, Mo, Sb, Sr, Th, and Zn ranging from 10% to 66%. However the total 
concentrations for these elements in the amended Haldimand soil were not outside total concentration 
ranges expected for most soils (Bowen 1979); even at the highest application rate (167 tonnes.ha-1). 
Likewise, increases in the total concentrations of Co, Cr, Mo, Se, Th, U and Zn in the soils were not 
considered large enough to significantly increase the elemental composition in plant tissue.

Yields and Elemental Content of Com, Wheat, and Soybeans

Yields for com, wheat, and soybeans normalized relative to the yields for the respective CaCO3 
treatments and plotted against application rates of fly ash are shown in Figure 3. Yields and elemental 
content of alfalfa displayed different trends and therefore will be discussed separately in the next section. 
Values for normalized yield greater than 1.0 indicate yields higher than those achieved with CaCO3



Table 5. Total concentration of selected elements in the Naticoke fly ash (with standard deviations) and predicted total concentrations in the 
Haldimand and Fox soils with increasing application rates of ash. Average values for soil are included for comparison.

Ash Loading Rate for Fox Soil Ash Loading Rate for Haldimand Soil
...........tonne/ha------- ------- ----------- ------- ------------- tonne/ha-----------

Fly Ash Soil Ave.* 0 5 10 15 20 0 42 84 125 167

Fe 51100 (1200) 40000 26900 27000 27100 27300 27400 37900 39000 40000 41100 42200

Na 4530 (60) 5000 18000 18011 18022 18033 18044 8100 8195 8290 8386 8481

Ca 35000 (1000) 15000 20000 20000 20000 20000 20000 4000 5000 5000 6000 7000

As 47 (1) 6 2 2 2 2 2 6 7 8 9 10

B 376 (18) 20 24 25 26 27 28 68 76 84 92 100

Ba 2070 (60) 500 593 598 603 608 613 507 550 594 637 681

Co 27 (1) 8 8 8 8 8 8 17 18 18 19 19

Cr 98 (2) 70 37 37 37 38 38 70 72 74 76 78

Mo 5.7 (0.6) 1.2 2 2 2 2 2 <2 +0.12 +0.24 +0.36 +0.48

Sb 5.5 (0.0) 1 0.2 0.2 0.2 0.2 0.3 0.6 0.7 0.8 0.9 1.1
Se 7 (1) 0.4 <1 +0.02 +0.03 +0.05 +0.07 <1 +0.15 +0.29 +0.44 +0.59

Sr 1130 (120) 250 300 303 305 308 311 150 174 198 221 245

Ta 1.3 (0.1) 2 <0.5 +0.00 +0.01 +0.01 +0.01 0.9 0.9 1.0 1.0 1.0

Th 18.3 (0.6) 9 3.3 3.3 3.4 3.4 3.5 9.3 9.7 10.1 10.5 10.8

U 8.6 (0.1) 2 1.5 1.5 1.5 1.6 1.6 3 3 3 4 4

Zn 123 (15) 90 47 47 48 48 48 97 100 102 105 107

(Bowen, 1979)
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Figure 3. Yields normalized to the CaCO3 treatment for com, wheat, and soybean versus 
rate of fly ash application on the Haldimand and Fox soils.
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treatment. Values less than 1.0 indicate yields lower than those of the CaCO3 treatment and values equal 
to 1.0 indicate yields equal to those achieved with the CaCO3 treatment. Significant differences (P < 0.05) 
among the absolute values for yields for each crop grown on the two soils are presented in Appendix Tables 
Al through A6. With the exception of com grown on the Fox soil, yields for corn, wheat, and soybeans 
decreased significantly (P < 0.05) with increasing rates of fly ash. Normalized yields for each crop with 
respect to increasing application rates of fly ash could be expressed according to the following first order 
regression equations for the Haldimand and Fox soils, respectively:

Haldimand Soil:

Com Yield = 1.09 - 1.39*10 -3 * (ash rate in tonne.ha-1) R2 = 0.83*  [3]

Wheat Yield = 0.895 - 2.10*10 -3 * (ash rate in tonne.ha-1) R2 = 0.96**  [4]

Soybeans Yield = 0.684 - 4.70*10 -3 * (ash rate in tonne.ha-1) R2 = 0.92*  [5]

Fox Soil:

Cora Yield = 1.06 - 2.60+10-3 * (ash rate in tonne.ha-1) R2 = 0.24ns [6]

Wheat Yield = 0.938 - 6.90*1 0-3 * (ash rate in tonne.ha-1) R2 = 0.44n8 [7]

Soybeans Yield = 1.09 - 1.98*10 -2 * (ash rate in tonne.ha-1) R2 = 0.97**  [8]

The intercepts for the equations indicated the relative yield response of the non treated soils with respect to 
the CaCO3 treatment and suggested that yields for the three crops grown on the Fox soil and corn grown 
on the Haldimand soil were not significantly different (P > 0.05) from 1.0. Thus application of lime to 
these soils with CaCO3 at the recommended rate did not produce increase yields compared to the 
nontreated soil. The intercepts for the wheat and soybean crops grown on the Haldimand soil were 
significantly lower than 1.0 indicating a response of these two crops to CaCO3 treatment on the clay 
textured soil.

Sensitivity of the crop yields to increasing application rates of ash were reflected in the slopes of 
equations 3 through 8. The slopes for all equations were negative indicating decreasing yields with 
increasing rates of ash. Greater sensitivity of a given crop to increasing ash rates was indicated by greater 
absolute values for slope. The relative magnitudes of the slopes were independent of the soil. The yield 
response of com was the most tolerant (least sensitive) to increasing rates of ash, soybeans were the most 
sensitive crop, and wheat displayed an intermediate response.

Mean values for elemental composition of above ground plant materials are presented in Appendix 
Tables Al through A6. The concentrations of most elements were within the ranges expected for the 
respective agronomic crops (Ontario Ministry of Agriculture and Food 1988). The concentration of the 
major plant nutrients (N, P, K, S, Ca, and Mg) were slightly increased in some crops with increasing 
application rates of ash. However, the observed increases were attributed to concentrating effects caused 
by reduced yields with increasing application rates of ash. The concentrations of Cu, Fe, and Zn in plant 
material with increasing rates of ash were usually not significantly different from the nontreated or the 
CaCO3 treatment indicating that the ash did not supply these plant nutrients in quantities significantly 
higher than for the nontreated soils. The content of Mn consistently decreased in plant material with 
increasing rates of applied fly ash. Decreases in plant content of Mn with increasing rates of ash were 
attributed to increases in soil pH which produced a decrease in Mn availability.

High uptake and concentration of B in plant tissue was the single major limiting factor to growing 
agronomic crops on the ash amended soils. The concentration of B in plant dry matter increased as a 
linear function of amount of ash applied (Figure 4). Plants harvested from the soils treated with the highest
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Figure 4. Concentration of boron (mg.kg-1) in dry matter samples of com, wheat, and soybeans grown on 
the fly ash amended Haldimand and Fox soils. (Note: Com and wheat lines are identical for 
the Haldimand soil).
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rates of fly ash contained concentrations of B that greatly exceeded the maximum normal concentrations 
(25, 40, and 55 mg.kg-1 dry matter, respectively) expected for com, wheat, and soybeans (Ontario Ministry 
of Agriculture and Food 1988). Chloritic and necrotic spots located along leaf margins, typical of B toxicity, 
was observed on growing soybean and com plants. Soybeans grown on the Haldimand soil treated with the 
highest rates of ash also contained 30 times maximum normal dry matter concentrations of B. The 
extremely high concentrations of B in the plant tissue were reflected in the less than 5 % total dry matter 
yields compared to plants growth on the nontreated soil (Table A5).

Yields and Elemental Content of Alfalfa

Alfalfa provided the most favorable yield responses to application of fly ash of all the test crops. 
Yields of alfalfa grown on the Haldimand soil amended with the Nanticoke ash were improved over the 
nontreated soils and were not significantly different from yields achieved with the CaCO3 treatment (Table 
A7). Yields of alfalfa grown on the Fox soil displayed no significant differences (P > 0.05) among any of 
the treatments (Table A8).

Yields for the three cuts of alfalfa normalized to yields for the respective CaCO3 treatments grown 
on the Haldimand soil and plotted against increasing application rates of fly ash are shown in Figure 5. 
Normalized yields for each cut could be described using the following second order polynomial equations: 

Cut 1 Yield = 0.556 + 7.20*10-3*(rate) - 2.81*10-5*(rate)2 R2 = 0.99 [9]

Cut 2 Yield = 0.494 + 7.28*10-3*(rate) - 3.33*10-5*(rate)2 R2 = 0.95 [10]

Cut 3 Yield = 0.369 + 1.34*10-2*(rate) - 6.23*10-5*(rate)2 R2 = 0.94 [11] 

where (rate) refers to the application rate of fly ash in tonnes.ha-1. Maximum yields with respect to the 
amount of ash applied were calculated using the first derivative for each equation. Calculated maximum 
yields for alfalfa were obtained at ash application rates of 128, 110, and 104 tonnes.ha-1 for the first, second 
and third cuts, respectively. This indicated that the ash could be applied to the clay textured Haldimand 
soil at a rate of approximately 100 tonnes.ha-1 and improve yields to the same levels obtained using CaCO3.

The elemental content of the alfalfa dry matter with increasing application rates of ash displayed 
trends similar to those of the other three crops (Tables A7 and A8). The concentrations of most elements 
in the dry matter were within expected ranges (Ontario Ministry of Agriculture and Food 1988). 
Concentrations of the major plant nutrients (N, P, K, S, Ca, and Mg) displayed some random differences 
among treatments, particularly in the case of the Haldimand soil. However, values were not outside 
expected normal ranges. The observed differences in elemental content of plant dry matter therefore 
played no apparent role in affecting yields. The content of K in alfalfa grown on the Haldimand soil and 
the content of N, P, K, and S in alfalfa grown on the Fox soil were increased significantly (P < 0.05) in the 
third cut compared to the first cut. Such increases are attributable to the normal physiological maturation 
of the plants.

The concentrations of Cu, Fe, Mn, and Zn in the alfalfa dry matter (Tables A7 and A8) were 
either not significantly different among treatments or displayed slight decreases with increasing rates of 
applied fly ash. Values were not outside expected normal ranges (Ontario Ministry of Agriculture and 
Food 1988). Decreases in the content of these metals with increasing rates of ash were attributed to 
decreased solubility, and therefore availability, due to increases in soil pH values. Increases in the content 
of Cu (and Zn in the Fox soil) between the first and third cuts were attributed to the larger root systems of 
the older plants having access to a greater volume of soil in each pot and physiological maturation of the 
plants.
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Figure 5. Yields normalized to the respective CaCO3 treatments for three cuts of alfalfa grown on the 
Haldimand soil.
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The concentration of B in alfalfa dry matter increased with increasing application rate of 
ash (Figure 6) and could be expressed using the following second order polynomial equations:

Haldimand Soil:

Cut 1 [B]alf = 61.3 + 2.09*(tonne.ha-l) - 5.22*10'3*(tonne.ha-1)2 R2 = 0.99 [12]

Cut 3 [B]a]f = 40.9 + 1.99*(tonne.ha-1) - 4.02*10‘3*(tonne.ha-1)2 R2 = 0.99 [13]

Fox Soil:

Cut 1 [B]aJf = 32.0 + 7.58*(tonne.ha-1) - 1.85*104*(tonne.ha-1)2 R2 = 0.95 [14]

Cut3[B]alf = 29.7 + 6.00*(tonne.ha-l) - 1.47*104*(tonne.ha-1)2 R2 = 0.99 [15]

Toxicity symptoms are generally expected if B concentrations in plant dry matter exceed 200 mg.kg-1 
(Katyal and Randhawa 1983). Concentrations of B up to 260 mg.kg-1 in alfalfa dry matter were obtained 
for crops harvested from the Haldimand soil treated with the highest rate of ash. Concentrations of B in 
alfalfa tissue grown on the Haldimand soil increased above 200 mg.kg-1 at rates greater than 85 and 100 
tonnes.ha-1 for the first and third cuts, respectively. Concentrations of 200 mg.kg-1 boron in the plant tissue 
corresponded with the maximum yields obtained for the alfalfa indicating that B was the limiting factor to 
production of the forage. Maximum predicted concentrations of B in alfalfa grown on the Fox soil were 
109 and 91 mg.kg-1 at the highest rates of ash application (20 tonnes.ha-1), however, yields did not increase 
accordingly.

Yields and Elemental Content of Double Cropped Experiment

The yields and concentration of elements in the dry matter for the sequentially grown com-corn 
and soybeans-soybeans rotations after amendment with fly ash (Tables A9 to A12) were comparable to 
values obtained for Experiment 1. In all cases, except for com grown on the Haldimand soil (Table A9), 
absolute yields for the second harvests were lower than the first. Reduction in yields with increasing rates 
of ash were not as large for the second crop compared to the first. The lower yields for the second crop 
were attributed to normal physiological responses of the plants to the decreased amount of sunlight 
obtained by the second crop which was grown during the latter half of the summer growing season.

All yields normalized relative to the respective CaCO3 treatments for each crop grown on the 
Haldimand and Fox soils decreased with increasing rates of ash while the content of B in plant tissue 
increased with increasing rates of ash (Figures 7 and 8). All normalized yield values decreased with 
increasing rates of ash except for the second crop of soybeans grown on the Fox soil where yields were not 
significantly different (P > 0.05) among treatments. The reduction in yields were attributed to 
accumulation of high concentrations of B in the plant tissue.

Yields normalized to the respective CaCO3 treated samples for the second harvests on both soils 
were higher than values obtained for the respective first harvests (Figure 7). The content of B in the 
soybean tissue from the second harvest decreased relative to the first harvest, while the content of B in the 
com tissue was not significantly different between harvests (Figure 8). The high total uptake of B by the 
soybean crop may have reduced the total amount of plant available B in both soils indicating that the plant 
available B supplied by the ash was in a soluble form and that concentrations of soluble B in the soils were 
not buffered by readily soluble phases. Therefore it may be possible to leach ash treated soils in the field 
to reduce potentially harmful B concentrations of soluble.
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Figure 6. Concentration of boron (mg/kg) in alfalfa dry matter for the first and third cuts grown on the 
Haldimand and Fox soils.
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Figure 7. Yields normalized to the CaCO3 treatment for the two crops of com, and soybean grown 
sequentially on the Haldimand and Fox soils. Filled symbols indicate data for soybeans, open 
symbols indicate data for com. Square symbols indicate data for the first crops and circles 
indicate data for the second crops.
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Figure 8. Concentration of boron (mg.kg-1) in dry matter samples of the two crops of corn, and soybean 
grown sequentially on the Haldimand and Fox soils. Filled symbols indicate data for soybeans, 
open symbols indicate data for com. Square symbols indicate data for the first crops and 
circles indicate data for the second crops.
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Some differences in concentrations of other elements in the dry matter samples were observed 
between the first and second harvests for both crops. Soybeans grown on the Haldimand soil contained 
higher concentrations of K and Cu in second crop compared to the first (Table Al 1), while the content of K 
in the first com crop was higher than the second (Table A9). The concentration of all other elements in 
both plant species grown on the Haldimand soil were not significantly different between harvests. Both 
com and soybeans grown on the Fox soil contained significantly higher concentrations of Mg, Cu, Fe, and 
Zn in the dry matter from the second crop compared to the first crop (Tables A10 and A12). The increase 
in concentrations suggested that these four elements were released progressively from the ash over a 
prolonged time period. This suggestion was not supported by the data for the Haldimand soil which was 
treated with higher rates of ash or data for extractable levels of these elements with time (see below). 
While not observed for the soybeans crop, the concentrations of P, K, and Ca in the second crop of corn 
grown on the Fox soil were lower than the concentrations in the first crop.

Changes with Time.

The pH values for the Haldimand and Fox soils increased due to the application of fly ash or 
CaCO3 (Figure 9) but pH values did not change significantly with time for any given treatment during the 
seven month period. Concordance of the pH values within each treatment with respect to time indicated 
that the ash reacted in a manner similar to CaCO3 and did not produce further increased in soil pH values 
with time.

The total cation exchange capacities were 3.5 cmol(+).kg-1 for the Fox soil and 14 cmol(+).kg-1 
for the Haldimand soil (Table 1). The proportion of exchangeable cations (Ca, Mg, K, and Na) on the 
exchange complex of either soil were not significantly differences (P > 0.05) with treatment or with time 
(Figure 10). The cations on the exchange complexes therefore represented the natural abundances for the 
respective soils. The relative abundances of cations on the exchange complex followed the order Ca > Mg 
> K > Na for the Haldimand soil and Ca > K > Mg > Na for the Fox soil. Calcium dominated the 
exchange complex and accounted for about 60 % of the exchangeable cations for the Haldimand soil and 
about 70% of the exchangeable cations for the Fox soil. Sodium represented less than 2% of the 
exchangeable cations in both soils. The low amount of exchangeable Na also reflected the low salinity of 
the ash. Mean values for electrical conductivity (E.C.) for 1:1 water extracts of the ash (McKeague 1978) 
were 1.1 dS.m-1 which indicated low total concentrations of soluble salts in the ash.

The fractions of total Cu, Mn, and Zn extracted from the ash treated soil samples displayed no 
significant differences among treatments but concentrations tended to decrease with time (Figure 11). The 
concentration of these metals in the extracts reflected the total contents of the respective soils: high 
concentrations of Mn in the Fox soil relative to the Haldimand soil and high concentrations of Cu and Zn 
in the Haldimand soil compared to the Fox soil. All first order regression equations for extractable Cu, 
Mn, and Zn displayed negative slopes with time (Figure 11). Only decreases in the levels of extractable Mn 
in the Fox soil and extractable Cu and Zn in the Haldimand soil were significant at the 95 % level or better. 
Significant decreases only for the elements that occurred in high concentrations in each soil suggested that 
extractable levels reflected the normal weathering of soil minerals and that addition of fly ash did not 
significantly impact on this process.

Content of HWSB in the samples increased with increasing application rates of fly ash (Figure 12). 
Values of HWSB ranged from less than 0.5 mg.kg-1 in the nontreated samples to greater than 12 mg.kg-1 at 
the highest application rate of ash on the Haldimand soil and 1.2 mg.kg-1 at the highest application rate of 
ash on the Fox soil. Hot water soluble boron concentrations exceeding 3 to 5 mg.kg-1 are considered 
phytotoxic although the test has not been extensively calibrated at toxic levels (Keren and Bingham 1985). 
Yield reductions with increasing rates of ash on the Fox soil suggested that boron toxicity in sensitive crops 
(e.g. soybeans) occurred at much lower concentrations of HWSB. The very high values for HWSB 
confirmed that B was the major limiting factor to plant growth.
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Figure 9. Soil pH values for the Haldimand and Fox soils at one month intervals over a seven month 
period.
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Figure 10. Relative percentages of cations on the exchange complexes of the Haldimand and Fox soils at 
one month intervals over a seven month period.
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Figure 11. Concentrations of Mn, Cu, and Zn extracted with 1 mol.L-1 HCl from the Haldimand and Fox 
soils at one month intervals over a seven month period.
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Figure 12. Concentration (mg,kg-1) of hot water soluble boron (HWSB) in the Haldimand and Fox soils 
amended with increasing rates of fly ash.
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Figure 13. Concentration (mg.kg-1) of hot water soluble boron (HWSB) in the fly ash amended 
Haldimand and Fox soils at one month intervals over a seven month period.
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The content of HWSB in both ash amended soils displayed slight, but significant (P < 0.05), decreases with 
time (Figure 13). Decreases were attributed to two possible mechanisms: uptake and progressive removal 
of B by the growing alfalfa crop and adsorption of B by soil constituents. Boron can be adsorbed by clay 
minerals, soil organic matter, and oxyhydroxides of Al, Fe, and Mg (Keren and Bingham 1985). The 
positive coefficient for the squared term in the regression equation for HWSB extracted from the 
Haldimand soil (Figure 12) indicated the adsorption of B occurred at low application rates of ash but 
adsorption sites may have become saturated at higher application rates resulting in higher HWSB values. 
Adsorption sites for B in the Haldimand soil were likely provided by the broken edges of clay-sized mica 
(Keren and Bingham 1985) which is abundant in Ontario soils. Decreased concentrations of HWSB with 
time indicated that the content of available B in the ash amended soils decreased with time but the exact 
mechanism of reduction was unclear from the present data.

CONCLUSIONS

Sluiced fly ash obtained from the stockpiles at the Nanticoke power plant was capable of 
performing as a liming material on acidic soils of the Haldimand-Norfolk region. Soil pH values were 
increased with application of ash on both clay and sand textured soils. However, soil pH values were not 
increased to the levels initially predicted using a total Ca and Mg method for estimating CaCO3 equivalent 
(Carithers et al. 1986) in combination with the SMP buffer technique for determining soil liming 
requirement. The clay textured Haldimand soil required about twice the amount of ash to obtain the same 
unit increase in pH values as required by the coarser textured Fox soil. Based on regression equations, soil 
pH values of 6.5 may be achieved by applying 102 and 233 tonnes ash.ha- to the Fox and Haldimand soils, 
respectively. The amount of plant available water in the Haldimand soil was also increased by about 2 to 
3% at the highest application rate of ash due to an 8% increase in silt content. Application rates of ash 
were not high enough on the Fox soil to the produce changes in plant available moisture.

Application of fly ash slightly increased the total concentrations of some elements in the test soils, 
however, at the application rates used in the present study, levels were not elevated above the normal 
ranges expected for soil material. The total concentrations for some elements were not increased above 
detection limits for INAA.

Soils amended with the Nanticoke ash suppled sufficient quantities of plant nutrients to the 
growing crops and did not elevate the concentration of metals in plant tissue. The availability of plant 
nutrients (N, P, K, S, Ca, Mg, Cu, Fe, Mn, and Zn) were not significantly different from the non treated 
samples. Only B accumulated in plant material to concentrations higher than suggested levels and 
therefore limited the amount of ash that could be applied to soil. Boron tolerance limited the growth of 
wheat, com, and particularly, soybeans.

Ash could be applied to the clay textured Haldimand soil at rates up to approximately 100 
tonnes.ha-1 provided B tolerant crops such as alfalfa were grown. The clay textured Haldimand soil had a 
greater capacity to adsorb B compared to the Fox soil. Application rates of 100 tonnes.ha-1 of ash on the 
Haldimand soil improved yields of alfalfa over the nontreated sample to levels equal to those obtained 
using CaCO3. At this application rate, concentrations of B in alfalfa tissue increased to the maximum 
suggested tolerance concentration of 200 mg.kg-1 with no observed phytotoxic effects. Yield increases for 
alfalfa were not observed on the Fox soil. Growth of B sensitive crops, such as soybeans, should be avoided 
initially after application of ash to soils. Reduction in potentially harmful concentrations of soluble B may 
be possible through leaching ash treated soils in the field.
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RECOMMENDATIONS

Fly ash obtained from the ash storage pile of the Nanticoke power plant may be applied as a liming 
material to acidic soils of the Haldimand-Norfolk region under certain provisions. The applications should 
be restricted to acidic, clay textured soils with a maximum single application rate of 100 tonne.ha'1. Boron 
tolerant crops, such ash alfalfa, should be grown initially after application of ash to avoid B toxicity 
problems. Two or more years of alfalfa production may be followed by crops less tolerant of B, such as 
wheat or com. The production of soybeans and repeat applications of fly ash may be feasible, subject to a 
decline in hot water soluble B in the soil and in plant tissue in the years following application.

Further research should be conducted under field conditions to relieve the provisions attached to 
the recommendations arising from this study. The observed high concentrations of hot water soluble B in 
the soils and accumulation of B in plant tissue may have been accentuated by growth of the crops in the 
greenhouse in closed pots without leaching and drainage. Phung and coworkers (1979) suggested leaching 
as a potential solution to B toxicity. The proposed field research should involve application of fly ash to test 
plots or test strips followed by a two-year alfalfa, one-year wheat and two-year com rotation. Soil pH 
values, B content of the crops and available B in the soil should be monitored on a yearly basis. It is 
recommended that the research be carried out during at least two rotation cycles (ten years).

Due to the applied routine sampling nature of the project necessary to develop a long term trend it 
is suggested that an established, reputable, crop and soil consulting firm be contracted to manage the 
collection of samples and provide the necessary chemical analysis. Support of short term University 
research should be also encouraged to develop an understanding of the fundamental reactions and 
processes, with particular reference to B, resulting from the application of fly ash to agricultural soils.

One possible long term and profitable use of the Nanticoke fly ash might be to apply the ash to 
areas of soil slated for use as topsoil cover on ash disposal piles at the plant site. The idea is to apply ash to 
areas of topsoil over a number of years in order to increase the total volume of topsoil per unit land area. 
The procedure might help reduce the area of land needed to be acquired by the company in the future for 
the purpose of acquiring topsoil to cover ash disposal piles. To this end the above noted provisions for 
application rates of ash and crop management practices should be followed and the possibility of 
subsequent applications rates of ash and the leaching of B should be investigated.
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Table Al. Mean values for yields and content of selected 
elements for corn grown on the Haldimand soil 
amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied 
---- tonnes/ha ----

0 42 84 125 167 Lime

Yield (g/pot) 83 ab 94 a 82 ab 72 be 66 c 79 be

N (g/kg) 18 bc 17 c 20 abc 22 ab 23 a 22 ab

P (g/kg) 1.6 c 1.6 c 1.9 bc 2.1 bc 2.3 b 2.8 a

K (g/kg) 20 b 19 b 22 ab 23 ab 26 a 23 ab

Ca (g/kg) 2.0 c 2.0 c 2.5 be 2.9 b 3.5 a 3.3 a

Mg (g/kg) 3.8 ab 3.5 b 3.9 ab 3.9 ab 4.1 ab 4.4 a

B (mg/kg) 4.4 e 45 d 101 c 146 b 202 a 4.0 e

Cu (mg/kg) 5.2 b 5.4 b 5.7 b 5.6 b 6.0 b 7.2 a

Fe (mg/kg) 88 a 92 a 97 a 74 a 76 a 106 a

Mn (mg/kg) 79 a 47 b 40 b 36 b 44 b 45 b

Zn (mg/kg) 25 a 27 a 25a 24 a 25 a 19 a
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Table A2. Mean values for yields and content of selected 
elements for corn grown on the Fox soil amended 
with lime and Naticoke fly ash. Similar letters 
beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied 
--- tonnes/ha -----

0 5 10 15 20 Lime

Yield (g/pot) 106 a 105 a 106 a 96 a 104 a 100 a

N (g/kg) 19 a 18 a 21 a 23 a 20 a 19 a

P (g/kg) 3.1 ab 2.6 b 2.9 ab 3.4 a 3.3 a 2.6 b

K (g/kg) 24 bc 22 c 27 bc 33 a 29 ab 24 bc

Ca (g/kg) 3.1 b 2.8 b 3.0 b 4.0 a 3.6 a 3.7 a

Mg (g/kg) 1.2 b 1.1 b 1.4 b 1.6 a 1.7 a 1.3 b

B (mg/kg) 4.2 d 9.2 d 27 c 47 b 55 a 5.2 d

Cu (mg/kg) 2.1 b 1.8 b 2.2 b 3.1 a 3.5 a 2.1 b

Fe (mg/kg) 95 b 78 b 84 b 125 a 138 a 96 b

Mn (mg/kg) 167 a 126 bc 131 b 127 be 100 c 108 bc

Zn (mg/kg) 33 ab 28 bc 25 c 38 a 35 a 27 bc
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Table A3. Mean values for yields, plant height and content of 
selected elements for wheat grown on the Haldimand 
soil amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied

0 42 84 125 167 Lime

Yield (g/pot) 7.9 b 7.2 b 6.8 be 5.9 c 4.6 d 9.0 a

Plant Ht.(cm) 81 a 74 ab 68 b 67 b 54 c 71 ab

N (g/kg) 27 c 28 c 32 bc 44 a 39 ab 30 bc

P (g/kg) 3.0 c 3.4 ab 3.4 b 3.4 b 3.8 a 3.4 ab

K (g/kg) 28 b 29 b 28 b 30 b 38 a 28 b

S (g/kg) 1.0 b 1.2 b 1.2 b 1.2 b 1.8 a 1.3 b

Ca (g/kg) 1.3 c 3.0 a 1.5 c 1.7 c 2.5 b 3.0 a

Mg (g/kg) 1.8 a 1.7 a 1.5 a 1.6a 1.8 a 1.8 a

B (mg/kg) 8.8 d 54 cd 86 c 148 b 206 a 7.8 d

Cu (mg/kg) 9.9 a 8.8 ab 9.3 ab 9.2 ab 10.2 a 7.2 b

Fe (mg/kg) 36 b 53 ab 49 ab 54 ab 62 a 51 ab

Mn (mg/kg) 118 a 79 b 64 c 60 c 64 c 48 d

Zn (mg/kg) 31 ab 33 ab 29 b 29 b 34 a 22 c
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Table A4. Mean values for yields, plant height and content of 
selected elements for wheat grown on the Fox soil 
amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied 
--- tonnes/ha -----

0 5 10 15 20 Lime

Yield (g/pot) 5.8 a 5.1 a 4.5 a 4.9 a 4.9 a 5.8 a

Plant Ht (cm) 57 a 58 a 56 a 59 a 62 a 58 a

N (g/kg) 36 a 37 a 37 a 36 a 34 a 36 a

P (g/kg) 3.3 b 3.6 b 3.5 b 4.8 a 4.7 a 3.4 b

K (g/kg) 34 ab 38 a 34 ab 28 c 30 bc 34 ab

S (g/kg) 1.3 a 1.4 a 1.4 a 1.4 a 1.4 a 1.3 a

Ca (g/kg) 3.1 a 3.2 a 3.1 a 3.4 a 2.8 a 3.1 a

Mg (g/kg) 1.1 a 1.1 a 1.1 a 1.2 a 1.1 a 1.0 a

B (mg/kg) 7.5 d 16 c 28 b 40 a 44 a 6.2 d

Cu (mg/kg) 4.2 a 6.3 a 4.8 a 4.8 a 4.3 a 4.2 a

Fe (mg/kg) 43 a 41 a 43 a 51 a 41 a 44 a

Mn (mg/kg) 100 a 94 a 73 b 68 b 57 bc 45 c

Zn (mg/kg) 34 a 36 a 32 a 33 a 30 a 28 a
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Table A5. Mean values for yields, plant height and content of 
selected elements in soybeans grown on the Haldimand 
soil amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

0

Rate of Ash Applied

Lime42
Ugliness / HGl

84 125 167

Yield (g/pot) 9.9 b 6.0 c 3.4 d 0.64 e 0.25 e 12 a

Seed Yield (g/pot) 12 b 8.2 c 1.7 d 0.05 e 0 e 17 a

P1ant Ht. (cm) 52 a 41 b 25 c 15 d 0 e 50 a

N (g/kg) 11 d 16 c 38 a ND*  ND* < 19 b

P (g/kg) 1.6 c 2.2c 4.2 b 4.7 b 5.8 a 2.3c

K (g/kg) 7.7 bc 8.2 bc 21 a 21 a 9.5 b 6.5 c

S (g/kg) 1.2 c 0.9 c 1.1 c 2.1 b 4.4 a 0.4 c

Ca (g/kg) 17 b 21 b 20 b 25 b 38 a 35 a

Mg (g/kg) 9.5 c 8.9 c 7.4 c 14 b 23 a 11 be

B (mg/kg) 92 d 609 c 931 b 1620 a 1690 a 59 d

Cu (mg/kg) 6.3 b 8.2 b 14 b 16 ab 29 a 8.1b

Fe (mg/kg) 110 b 160 b 140 b 530 b 2100 b 130 b

Mn (mg/kg) 270 a 244 a 87 b 86 b 98 b 92 b

Zn (mg/kg) 63 ab 68 ab 48 b 57 ab 71 a 30 c

* ND = not determind
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Table A6. Mean values for yields, plant height and content of 
selected elements in soybeans grown on the Fox soil 
amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied 
--- tonnes/ha -----

0 5 10 15 20 Lime

Yield (g/pot) 11 a 10 a 9.1 ab 7.4 bc 6.2 c 9.3 ab

Seed Yield (g/pot ) 12 a 11 a 11 a 9.3 b 8.4 b 12 a

Plant Ht. (cm) 48 a 46 a 45 a 39 b 33 c 50 a

N (g/kg) 9.4 b 11 b 12 b 16 a 18 a 10 b

P (g/kg) 2.9 a 2.8 a 2.7 a 2.6 a 2.6 a 2.7 a

K (g/kg) 21 b 23 a 24 a 24 a 25 a 21 b

S (g/kg) 0.83 a 0.98 a 0.86 a 0.71 a 0.67 a 0.78 a

Ca (g/kg) 16 c 21 b 20 b 23 b 27 a 22 b

Mg (g/kg) 4.0 c 5.0 b 4.7 b 4.8 b 5.5 a 4.2 c

B (mg/kg) 30 e 88 d 144 c 273 b 430 a 26 e

Cu (mg/kg) 2.8 b 3.1 b 3.5 b 3.6 b 5.4 a 2.8 b

Fe (mg/kg) 98 a 109 a 120 a 136 a 125 a 102 a

Mn (mg/kg) 600 a 610 a 560 ab 560 ab 440 ab 309 b

Zn (mg/kg) 53 a 52 a 44 b 45 b 42 b 33 c
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Table A 7. Mean values for yields and content of selected 
elements for alfalfa grown on the Haldimand soil 
amended with lime and Naticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied
--------------  tonnes/ha ---------------

Cut 0 42 84 125 167 Lime

Yield 1 0.50 a 0.77 a 0.84 a 0.94 a 0.86 a 0.89 a
(g/plant) 2 0.59 c 0.98 b 1.1 ab 1.0 ab 1.0 b 1.3 a

3 0.38 b 1.0 a 1.3 a 1.1 a 1.0 a 1.1a

N (g/kg) 1 21 b 29 a 32 a 32 a 35 a 33 a
3 26 b 29 ab 33 ab 36 ab 40 ab 31 ab

P (g/kg) 1 4.4 a 3.7 abc 2.9 c 3.3 be 3.6 abc 4.1 ab
3 3.8 a 2.7 a 3.0 a 3.2 a 3.6 a 3.1a

K (g/kg) 1* 17 ab 14 b 22 a 15 ab 16 ab 15 ab
3 30 a 20 b 21 b 21 b 24 ab 24 ab

S (g/kg) 1 3.3 a 2.9 b 2.1 c 2.3 be 2.5 be 2.3 be
3 2.6 a 1.7 a 2.1 a 2.1 a 2.4 a 2.3a

Ca (g/kg) 1* 12 b 14 ab 14 ab 16 a 17 a 16 a
3 8.3 be 6.8 c 9.6 abc 12 a 12 a 11 ab

Mg (g/kg) 1 4.9 a 4.2 b 3.8 b 3.6 be 3.5 be 3.0 c
3 4.4 a 3.4 b 3.5 b 3.5 b 3.4 b 2.4 c

B (mg/kg) 1 62 d 140 c 200 b 240 a 260 a 38 d
3 42 d 110 c 190 b 220 b 260 a 16 d

Cu (mg/kg) 1* 11 a 9.2 be 9.0 be 8.6 c 9.0 be 10 ab
3 30 a 18 a 16 a 19 a 25 a 23 a

Fe (mg/kg) 1 97 a 73 a 67 a 70 a 77 a 65 a
3 82 ab 73 ab 80 ab 83 ab 89 a 64 b

Mn (mg/kg) 1 180 a 88 b 55 c 42 c 41 c 36 c
3 220 a 71 b 50 c 36 c 38 c 34 c

Zn (mg/kg) 1 41 a 31 b 23 be 23 be 24 be 19 c
3 47 a 28 a 26 a 29 a 36 a 26 a

* Indicates significant differences (P < 0.05) among cuts
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Table A8. Mean values for yields and content of selected 
elements for alfalfa grown on the Fox soil 
amended with lime and Nanticoke fly ash. Similar 
letters beside each entry within a row indicate no 
significant difference (P > 0.05) between values.

Rate of Ash Applied
--------------  tonnes/ha ---------------

Cut 0 42 84 125 167 Lime

Yield 1* 0.36 a 0.48 a 0.48 a 0.34 a 0.34 a 0.30 a
(g/plant) 2 0.34 a 0.51 a 0.45 a 0.37 a 0.40 a 0.32 a

3 0.37 a 1.5 a 0.51 a 0.62 a 0.81 a 0.78 a

N (g/kg) 1* 42 a 42 a 39 a 41a 40 a 43 a
3 31 a 38 a 39 a 37 a 39 a 40 a

P (g/kg) 1* 4.4 a 4.0 a 3.7 a 3.9 a 2.6 a 4.0 a
3 5.5 a 4.6 a 4.9 a 4.7 a 4.1 a 4.9 a

K (g/kg) 1* 23 a 17 a 21 a 24 a 28 a 19 a
3 41 a 39 a 40 a 40 a 37 a 38 a

S (g/kg) 1* 2.1 a 1.7 a 1.7 a 1.9 a 2.0 a 1.1 a
3 2.6 a 1.6 a 2.2 a 2.2 a 2.3 a 1.6 a

Ca (g/kg) 1* 19 a 15 a 16 a 20a 16 a 23 a
3 12 a 11 a 10 a 11 a 9.7 a 10 a

Mg (g/kg) 1 2.7 a 2.2 a 2.4 a 3.0a 2.4 a 2.5 a
3 2.9 a 2.1 b 2.6 ab 2.7 ab 2.2 b 2.0 b

B (mg/kg) 1 33 d 66 c 80 be 115 a 105 ab 27 d
3 29 d 58 c 93 b 87 ab 91 a 17 d

Cu (mg/kg) 1* 2.8 a 1.5 a 2.7 a 2.7a 3.0 a 1.9 a
3 31 a 48 a 34 a 39 a 18 a 21 a

Fe (mg/kg) 1 130 a 96 a 79 a ISO a 75 a 100 a
3 100 a 117 a 110 a 115 a 96 a 107 a

Mn (mg/kg) 1* 350 a 220 b 250 b 220 be 150 b 220 b
3 230 a 140 b 150 b 140 b 100 b 100 b

Zn (mg/kg) 1* 36 a 20 b 29 ab 29 ab 24 b 23 b
3 63 a 62 a 55 a 54 a 34 a 41 a

* Indicates significant differences (P < 0.05) among cuts
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Table A9. Mean values for yields and content of selected elements 
for two crops of corn grown sequentially on the Haldimand 
soil amended with single applications of lime and 
Nanticoke fly ash. Similar letters beside each entry 
within a row indicate no significant difference 
(P > 0.05) between values.

Rate of Ash Applied

Crop 0 50 75 100 125 ISO Lime

Yield 1 34 a 27 ab 24 bc 20 cd 13 de 7.6 e 38 a
(g/pot) 2 30 a 26 ab 23 ab 21 ab 19 ab 5.1 b 23 ab

P (g/kg) 1 2.6 b 2.7 b 3.1 ab 3.2 ab 3.4 ab 3.1 ab 3.8 a
2 1.8 bc 1.7 c 1.9 bc 2.3 be 2.6 b 2.6 b 4.1 a

K (g/kg) 1* 28 d 30 cd 37 be 40 b 50 a 55 a 23 d
2 10 b 13 b 14 b 18 b 28 b 43 a 9.4 b

Ca (g/kg) 1 2.5 d 3.1 c 3.9 b 4.2 ab 4.6 a 4.5 a 4.3 ab
2 2.7 d 3.7 c 4.3 be 4.5 abc 5.0 ab 5.3 a 5.4 a

Mg (g/kg) 1 4.1 b 3.9 b 4.8 ab 5.0 a 6.0 a 4.7 ab 4.3 ab
2 5.1 a 5.5 a 6.1 a 6.1 a 5.4 a 5.0 a 5.7 a

B (mg/kg) 1 14 e 85 d 140 c 190 b 260 a 250 a 13 e
2 13 f 74 e 140 d 190 c 270 b 360 a 12 f

Cu (mg/kg) 1 6.9 b 7.1 b 7.6 bc 8.0 b 7.9 b 7.6 b 10 a
2 7.4 b 7.4 b 7.5 b 8.4 ab 9.7 ab 9.7 ab 10 a

Fe (mg/kg) 1 78 ab 69 b 79 ab 77 ab 78 ab 85 ab 140 a
2 82 a 92 a 112 a 103 a 103 a 83 a 146 a

Mn (mg/kg) 1 107 a 82 b 77 b 69 bc 70 be 60 c 47 d
2 101 a 78 b 69 bc 59 be 57 be 66 be 45 c

Zn (mg/kg) 1 21 b 23 ab 25 ab 25 ab 27 a 27 a 14 c
2 23 b 24 b 25 b 26 ab 30 a 30 a 17 c

* Indicates significant differences (P < 0.05) between crops.
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Table A10. Mean values for yields and content of selected elements 
for two crops of corn grown sequentially on the Fox 
soil amended with single applications of lime and 
Nanticoke fly ash. Similar letters beside each entry 
within a row indicate no significant difference 
(P > 0.05) between values.

Rate of Ash Applied

Crop Lime0 10 15 20 25 30

Yield 1* 44 a 41 a 32 b 34 b 34 b 26 c 40 a
(g/pot) 2 23 a 22 a 22 a 27 a 26 a 24 a 22 a

P (g/kg) 1* 2.5 a 2.5 a 2.7 a 2.7 a 2.7 a 3.1 a 2.6 a
2 4.1 a 3.7 ab 3.3 b 3.1 b 3.1 b 3.1 b 4.1 a

K (g/kg) 1* 25 bc 24 c 29 be 29 bc 30 b 36 a 26 bc
2 16 b 19 ab 20 ab 16 b 16 b 22 a 19 ab

Ca (g/kg) 1* 2.6 d 3.1 c 3.6 b 4.0 b 4.1 b 4.6 a 3.7 b
2 4.4 a 4.8 a 5.5 a 5.1 a 5.0 a 5.1 a 4.6 a

Mg (g/kg) 1* 1.6 c 1.7 bc 1.8 ab 1.9 ab 2.0 a 2.0 a 1.6 c
2 2.6 a 2.9 a 3.0 a 2.9 a 3.0 a 2.9 a 2.5 a

B (mg/kg) 1 7.2 e 31 d 49 c 54 c 66 b 94 a 7.2 e
2 13 f 36 e 47 d 57 c 62 b 79 a 9.8 f

Cu (mg/kg) 1* 2.8 b 3.2 ab 3.3 ab 3.4 ab 3.8 a 3.9 a 3.3 ab
2 5.8 a 5.9 a 5.3 ab 5.0 abc 4.6 bc 4.0 c 4.7 bc

Fe (mg/kg) 1* 65 bc 66 bc 78 abc 78 abc 86 ab 98 a 59 c
2 82 a 101 a 109 a 131 a 106 a 134 a 89 a

Mn (mg/kg) 1 83 a 68 b 74 ab 66 b 51 c 62 be 50 c
2 102 a 72 b 78 b 64 b 53 b 62 b 59 b

Zn (mg/kg) 1* 15 a 11 a 14 a 15 a 15 a 14 a 11 a
2 26 a 25 a 26 a 24 a 23 a 25 a 24 a

* Indicates significant differences (P < 0.05) between crops.
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Table All. Mean values for yields and content of selected elements 
for two crops of soybeans grown sequentially on the 
Haldimand soil amended with single applications of lime 
and Nanticoke fly ash. Similar letters beside each 
entry within a row indicate no significant difference 
(P > 0.05) between values.

Rate of Ash Applied

Crop Lime0 10 15 20 30 40

Yield 1* 8.4 b 8.8 b 8.7 b 8.4 b 7.1 bc 6.6 c 14 a
(g/pot) 2 7.6 ab 7.8 ab 6.7 ab 6.2 ab 5.3 b 5.3 b 9.4 a

P (g/kg) 1 2.5 b 2.2 b 2.1 b 2.2 b 2.3 b 2.5 b 3.0 a
2 2.5 b 2.5 b 2.5 b 2.9 b 2.9 b 2.9 b 4.1 a

K (g/kg) 1* 10 ab 9.4 ab 8.6 b 8.8 b 10 ab 11 a 7.0 c
2 13 a 13 a 14 a 15 a 15 a 14 a 10 b

Ca (g/kg) 1 12 b 11 bc 11 bc 11 bc 10 c 10 c 15 a
2 10 d 11 cd 12 bc 13 b 13 b 13 b 16 a

Mg (g/kg) 1 6.2 a 5.8 ab 6.0 ab 5.9 ab 5.0 c 5.3 bc 5.6 abc
2 6.1 a 5.9 ab 6.5 a 6.3 a 6.4 a 6.4 a 5.6 b

8 (mg/kg) 1 49 f 107 e 166 d 226 c 317 b 465 a 33 f
2 40 ef 58 e 83 d 119 c 195 b 258 a 25 f

Cu (mg/kg) 1* 7.7 bc 6.8 c 7.3 c 7.8 be 9.9 ab 10 a 9.0 abc
2 16 a 19 a 17 a 19 a 16 a 26 a 16 a

Fe (mg/kg) 1 178 a 198 a 236 a 218 a 197 a 227 a 105 a
2 171 a 163 a 187 a 211 a 188 a 194 a 144 a

Mn (mg/kg) 1 206 a 194 ab 201 a 169 ab 147 b 156 ab 54 c
2 201 a 181 ab 213 a 167 abc 147 bc 123 c 39 d

Zn (mg/kg) 1 65 a 60 a 59 a 66 a 60 a 62 a 21 b
2 64 a 63 a 62 a 69 a 64 a 71 a 36 b

* Indicates significant differences (P < 0.05) between crops.
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Table A12. Mean values for yields and content of selected elements 
for two crops of soybeans grown sequentially on the 
Fox soil amended with single applications of lime 
and Nanticoke fly ash. Similar letters beside each 
entry within a row indicate no significant difference 
(P > 0.05) between values.

Rate of Ash Applied

Crop 0 5 7.5 10 15 20 Lime

Yield 1* 12 ab 11 abc 9.6 bc 8.8 bc 7.9 c 8.6 bc 14 a
(g/pot) 2 7.3 a 7.9 a 7.2 a 7.2 a 6.6 a 5.7 a 7.5 a

P (g/kg) 1 4.3 a 3.6 a 3.0 a 3.8 a 3.1 a 3.7 a 4.2 a
2 4.1 a 3.5 a 3.4 a 3.5 a 3.5 a 3.6 a 4.9 a

K (g/kg) 1 18 a 17 a 17 a 20 a 17 a 16 a 11 a
2 18 a 17 a 18 a 18 a 19 a 19 a 19 a

ca (g/kg) 1 15 a 14 a 13 a 13 a 12 a 13 a 15 a
2 14 abc 13 bcd 11 d 12 cd 13 bcd 15 ab 16 a

Mg (g/kg) 1* 3.9 a 3.6 a 3.3 a 3.5 a 3.4 a 3.4 a 3.6 a
2 4.2 a 4.3 a 4.2 a 4.3 a 4.3 a 4.6 a 3.9' a

B (mg/kg) 1 34 d 87 d 126 cd 192 c 292 b 379 a 30 d
2 26 f 52 e 81 d 106 c 170 b 241 a 28 f

Cu (mg/kg) 1* 4.4 a 5.2 a 4.1 a 4.6 a 5.0 a 6.1 a 4.7 a
2 14 a 11 a 16 a 14 a 15 a 13 a 15 a

Fe (mg/kg) 1* 87 a 83 a 97 a 107 a 99 a 102 a 98 a
2 156 a 149 a 151 a 162 a 190 a 172 a 186 a

Mn (mg/kg) 1 129 a 116 b 96 c 97 c 82 d 73 d 70 d
2 131 a 96 a 85 a 94 a 107 a 76 a 93 a

Zn (mg/kg) 1* 38 a 27 b 29 b 30 b 27 b 21 b 25 b
2 68 a 59 a 54 a 57 a 60 a 55 a 64 a

* Indicates significant differences (P < 0.05) between crops.
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