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Abstract 

The revegetaîion method currently employed on the extensive slag deposits at Inco 

Ltd.'s Copper Ctiff property uses a costly clay cap that is prone to erosion in the 

early stage of vegetation development. Field and greenhouse experiments, 

reported hem, explored the feasibility of establishing vegetation directiy on the 

slag by using an inexpensive thin sufice application of amendments rather than a 

thick clay cap. Results h m  the initial field and greenhouse studies indicated that 

poor water retention, nutrient deficiency, and high sutface temperatures are the 

major factors limiting plant establishment and growth on the unamended siag. 

Percent cover studies indicated that vegetation did not become established on the 

field plots that had less than the thickest amendment layer (7.5 cm). Small 

increases in the gravimetric moisture content of the field plots, related to the 

increased amendment application thickness, indicated that the application 

thicknesses could be increased further to overcome better the limiting fàctors. 

Contrary to the field moisture contents of the slag, the controlled laboratory study 

using the pressure plate pracedure indicatd that the increased application rates did 

improve the moisture retention of the slag. The amendments that best 

counteracted the limiting tàctors when applied to a tbickness of 7.5 cm were: 

deinking paper sludge, Espanola paper sludge, Espanola paper sludge/clay and 

peaîhlast h a c e  slag. 
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1. introduction 

Minïng and processing of copperlnickel sulphide ore at Copper Cliff, Ontario was 

initiated in 1886 by the Canadian Copper Company (Boldt, 1967). Smelting of the 

sulphide ore also took place at a smeiter located in Coniston, Ontario tiom 1913- 

1972 (Boldt, 1967; Cox and Hutchinson, 1980). The slag produced by the 

previously operationai Coniston smelter and that produced by the current smelting 

process at Copper Cliff are very similar in chemical composition, and fom a 

similar substrate. Both slag stock piles consist of slow cooled slag that has 

hctured into relatively large pieces of various sizes. In the l96Os, when much of 

the slag was deposited, it contained 36% silica, 38% iron, 0.1% cobalt and 0.08% 

copper (Boidt, 1967). 

Inco Ltd.'s curent smelting processes produce 9 tonnes of reverberatory slag for 

every 100 tomes of ore that is mined (Heale, 1995). At Copper Cliff the slag is 

tapped into 15-tonne pots and transportecl by rail to dumps, where it is poured and 

allowed to cool. On inco property alone there are 1 19 million tonnes of stored 

slag, with the largest stock pile being located at Copper Cliff, Ontario, which 

contains 100 million tonnes of slag and covers 240 ha (Heale, 1995). Although a 

large portion of this slag is sold for road and rail ballast and domestic fill, there is 

a large quantity that remains at the storage sites. 



The dumping of the moiten slag ftom rail cars has resulted in the dumps king 

contoured to match the elevation of the surrounding topography. Although the 

slag contains minor sulphide inclusions, it is mainly an inert iron silicate that does 

not produce large amounts of acid drainage. As a result, the main problem that is 

king a d d r e d  by vegetating the slag is the reduction of an eyesore, visible fiom 

heavily travelled corridors, to an esthetically pleasing continuation of the 

surrounding vegetated landscape. The current method of establishing a vegetation 

cover on the slag is the use of a costly clay cap that is prone to erosion problems 

before it is stabilized by vegetation. 

Establishment of the vegetation on the Coniston slag was easily achieved with 

several applications of limestone and seed (Bolton, Pers. Comm.). The ease with 

which the vegetation was established on the Coniston slag and not on the Copper 

Cliff slag can be attribut4 to the difference in substrare composition. Extensive 

degradation of the vegetation growing on the landscape surrounding the Coniston 

slag by the toxic emissions fiom smelters with low stacks resulted in soi1 erosion 

(Courtin, 1994; Gunn et al., 1995). The sandy Ioam was eroded by wind and 

water and deposited on the surface of the Coniston sIag, filling in the large pore 

spaces and helping to d u c e  the substrate conditions that were lirniting to plant 

m d .  



The establishment of vegetation on the Coniston slag and the positive resuits eom 

studies conducted by Marsh (1 97 1) and Vaillancowt (1 994) indicated that 

vegetation growth on the slag was possible. This study investigates the ability of 

several readily available industrial by-products to address the factors that limit 

plant growth on the Copper Cliff slag. It is hypothesized that the incorporation of 

the by-products into the slag surface will address the problems of moisture 

retention, nutrient availability, and high surface temperatures, allowing for 

vegetation to become established on the slag. This application method should also 

reduce the cost of vegetating the slag and produce a more physicaliy stable 

substrate than the current clay cap technology. 



2.1 Coniston Vwetation Survcy 

2.1.1 rntroduction 

in 1913 the Mond Nickel Company opened a smelter in the small t o m  of 

Coniston 1 1 km E of Sudbury, (UTM 05 1 1949E, 5 l47369Nj, (Boldt, 1967). Tbe 

Coniston smelter produced settler slag that was tapped into 15 ton slag pots and 

hauled to a slag dump adjacent to the smelter (Boldt, L%7). As a result of the rail 

dumping process the top of the slag pile is flat, providing a level surface for 

vegetation to becorne established. 

Eroded soi1 material from the rock outcrops bordering the slag stockpile and the 

sumunding barren areas was deposited by wind and water ont0 the 0at surfhce of 

the slag pile. The deposition of this material produced conditions that could 

support vegetation with limited human intervention. Al1 that was required to 

establish a vegetation cover on the slag was several applications of limestone 

followed by the addition of a seed mix (Bolton, Pers. Comm.). 

Several species of plants have overcome the harsh conditions on the Coniston slag 

and have established a stable cover. An investigation of the Coniston slag in terms 

of substrate properties and vegetation composition was carried out to identi& the 

conditions lhiting to plant growth on bmen slag The information obtained was 

used to identifj. the steps that were required to overcome the fàctors that Iimited 

plant growth on unamended slag. It is suspected that the vegetation was easily 



established on the Coniston slag following several applications of dolomitic 

limestone and seed because of the fine material (Bolton, Pers. Comm.). 

2.1.2 Methods 

The vegetation was surveyed June to September 1998 when most plants were in 

flower or seed. An area of the slag pile was surveyed by means of five transects, 

each 60 m long. The transects were surveyed every 10 m by means of 1 x 1 m 

quadrats. Species percent cover, density, and overall Eequency were recorded for 

each quadrat. 

The data were gathered on a species basis, allowing for the calculation of a 

relative importance value index for each species. The results Erom each plot were 

combined by separately totalling the percent cover, density and fiequency for each 

individual species. From these combined values relative values were calculated by 

totalling the combined values for each species and then dividing each combined 

value by the total for al1 species. These relative values were then expressed as 

percents and placed into the following formula to calculate importance value 

indices (M) on an individuai species b i s :  

Relative Density + Relative Cover + Relative Frequency 



2.1.3 Rcsult~ 

The vegetation survey on the Coniston slag revealed that eight species of vascular 

plants had taken root in the slag. The overall percent cover of plants on the 

Coniston slag was relatively sparse with a mean overall percent cover of 13% for 

the vascular species and 36% for the mosses. The calculated importance values 

indicated that the four most important vascular species on the Coniston slag were 

Fesiuca rubra, Poa compressa, Hieracium florentinum, and Crepis t e c t o m  

(Figure 1 ) .  The first two species are seeded grasses, and the others are weeds. 

2.2.1 Grain Sut Analvsis of the Conistoa Soil 

2.2.1 Metbods 

Using the same 60 m transects that were used for the vegetation survey, soi1 

samples representing the top 10 cm of the slag substrate were taken at O m, 30 m 

and 60 m. The samples were placed in zip-loc bags and retumed to the laboratory 

where the pH and the grain size distribution of the soil samples were determined. 

The pH of the soi1 sample was detennined with a glas electrode pH meter, using a 

paste method, which was modified fiom Hendershot et al. (1993). This method 

required a small sub-sample of the soi1 to be placed in a 50 ml beaker and 

saturated with distilleci water untii the surEace of the soil was glistening with 

water. M e r  the soi1 was wetted it was allowed to stand for approximately 5 min 

and then the pH was taken using a calibrateci electrode. 



Figure 1 : Importance value indices for vascular plant species found on the revegetated Coniston slag. 



Soi1 texture was determineci as described by the Staff of the Geoscience 

Laboratories (1990). The soi1 samples were air dried and sieved using a 2 mm 

ASTM sieve and fhther broken down using a wooden rolling pin. 50 g sub- 

samples were placed in plastic Erlenmeyer flasks, deflocculated using 125 ml of 

4% sodium hexametaphosphate solution, and allowed to sit ovemight. The flasks 

were capped with rubber stoppen and placed on a mechanical wrist action shaker 

for 30 min. 

The deflocculated samples were washed into graduated cylinders using distilled 

water, then filled to the upper volume line with the hydrometer in place. Before 

allowing the mil to settle, the hydrometer was removed and the cylinder was 

covered with a rubber stopper. The cylinder was then rotated, end-over-end, for 1 

min, completely mixhg the suspension. At the end of the mixing period the 

stopper was removed and the hydrometer was gently placed into the cylinder. 

Density readings of the suspension were taken over seven time intervais, 2,5,  15, 

30,60,240, and 1440 min. A temperature reading of îhe suspension was taken at 

the time of each density reading, to allow for a temperature correction to be made. 

The temperature correction was made by adding 0.3 units to the hydrometer 

reading for every degree above 19.4 OC, and subtracting it for every degree below 

19.4 OC. 



Following the corrections of the density readings the percentage of soi1 remaining 

in suspension at each reading was determineci. The readuigs were placed in the 

equation ((R x A)/W) x 100% where 'R' is the corrected hydrometer reading, and 

'W' is the oven dry weight of soi1 used for the hydrometer readings in grams. 'A' 

is the correction factor that was applied to the hydrometer reading taken from table 

GSA4 in the Ontario Geological Survey Miscellaneous Paper 149 (Staffof the 

Geoscience Laboratories, 1990). The diameter of the soil particles in millimetres 

was also calculated using the tquation K x (r(L,A')), where the value of 'Ky is a 

chosen constant of 2.6 which depends on the temperature of the suspension and 

the specific gravity of the soi1 particles. 'L' is a value taken from table GSA2 

(Staff of the Geoscience hboratories, 199û), representing the distance from the 

surface of the suspension to the level at which the density of the suspension is 

measured in centimetres. 'T' is the time in minutes from the beginning of 

sedimentation to the point at which the hydrometer reading was taken. 

The revegetated Coniston slag surface had a relatively high percentage of particles 

(a 15%) in the fine sand-siltclay size category (Figm 2). When the silt and clay 

values were applied to the soi1 texture triangle, it was determïned that the Coniston 

substrate had a soi1 classification of sandy loam. As a result of the limestone 

applications to the surfie of the Coniston slag, the mean pH of the soil within the 

quacirats was 7.1 1 (Standard Deviation = 0.38). The combination of 



Figure 2: Grain size distribution in the top 10 cm of the revegetated Coniston 
slag stated as a percent content of the 50 g sample. Data are given as 
means f 1 SEM, n = 15. 



a large fines component and a neutd pH explains why the establishment of a 

sparse vegetation cover at Coniston was nota dificult task. 

22.3 Discussion 

The presence of the sandy loam materid was partially responsible for the easy 

establishment of vegetation with only a simple application of Iimestone. As a 

result of the emissions fiom the Coniston roast beds and low stack smelter the 

plant cover was completely removed and resulted in severe mil erosion 

(Winterhalder, 1995). The similarities between the sandy loam matenal found on 

the Coniston slag and the substmte surrounding the area suggested that it was 

deposited by wind and water msion h m  the surrounding outcrops and the 

nearby glacial: lake deposits. A fourth year thesis study of the glacial lake deposits 

classified the industrially denuded material as a sandy loam, providing a strong 

link to the material's possible origin (Walker, 1997). 

The fine material that w9s deposited on the Coniston slag, combined with the 

appl ied Iimestone helped to impmve growing conditions, making it possible to 

establish a varie@ of plant species. The most abundant species on the Coniston 

slag were the seeded grasses Pou compressa, Fesrtcca mbm and the weed 

Hieraczmflom~num. These plant species can be used to indicate the type of 

growuig conditions that the vegetation must survive to remain established on the 

Coniston slag pile. The conditions on the slag are visïbly dry and hot. This is 



suppotted by obsemng the vegetation that was established on the Coniston slag, 

and using its typical habitat characteristics as indicators to the type of 

envuonmental conditions found on the slag. Hieraciumflorentinwn and Crepis 

tectorum tend to establish in thin mils and disturbed areas such as fields, clearings 

and roadsides, which are frequently, stressed areas (Anderson, 1988; Chambers et 

al., 19%). Fesîuca rubra is widespread, establishing itself in dry disturbed areas 

(Pohl, 1954). Poa compressa is also a tolerant species that frequently invades 

open dry areas, especially ones that are slightly acidic (Gleason and Cronquist, 

1963). 

With the fine materiai incorporated into the surface of the slag, the substrate's 

ability to hold a greater amount of water at any potential is increased (Brady, 

1990). A sandy loam material has a combination of micropores and macropores 

which produces moisture potentials that are intermediate between sand and clay 

(Brady, 2990). This subsequently increases the amount of water that is available 

for plant uptake and allows the vegetation to withstand longer periods of low 

precipitation than would be possible on unamended slag. A more complete 

discussion of these properties may be found in chapter 7 of the current work. 

2.2.4 Conclusion 

The properties of the Coniston slag suggest that for vegetation to be established on 

the Copper CIBslag, the substrate needs to be such that there is fine material in 



the substrate. The eroded sandy loam material that was deposited on the Coniston 

slag pile has helped to address the problem of water holding capacity and nutrient 

retention, allowing vegetation to become established on that site. The 

incorporation of the fine material combined with several limestone applications 

created conditions of a pa te r  nutrient and water holding capacity and a neutral 

pH. Although the fine material increased the water holding capacity of the slag, 

the conditions on the slag are still fiequently dry. This has led to the establishment 

of vegetation that is tolerant to moisture stress and disturbance. The species that 

have dominated the cover on the Coniston slag include P04 compressa, Festuca 

rwbra, Hieracium~~rentimrm, and Crepis tecfonun. 



3. Dcseriation of Mattrials Uscd as Amtndmenb to Rcvcrbcrntorv Slag 

The materiais used in the various field triais and greenhouse studies were chosen 

for one or more of the following properties with respect to the condition of the 

slag: improved moisture retention, nutrient status or microclimatic conditions. 

The materials used were readily available and many were by-products of other 

industries, making them relatively inexpensive to obtain. 

Al1 of the materials were analyzed for total element content by inductively 

Coupled Argon Plasma (ICP) Specirophotomeüy at Laicefieid Research Ltd, 

following nitric/perchloric acid digestions. Leaching columns were also set up to 

detennine the water extractable metals in each of the amendments when they were 

combined with the reverberatory slag sampled fiom the Copper Cliff field site 

(Appendix ViIi). The leachate gathered fiom these columns also was analyzed 

using ICP, courtesy of inco Limited. Nitrogen content was obtained for each 

amendment using the Kjeldahl procedure. 

3.1 Gold Mise Tailings 

This amendment was obtained fiom Royal Oak Mines' Pamour mine site located 

near Timmins, Ontario. The material was available in large quantities, making it a 

possible candidate for use as an amendment in fbture large s d e  applications. The 

gold tailings contained 0.09% organic matter and had a pH of 8.2. The tailings 

had a net acid-consurning potential of approximately 14 kg/tonne which was 



thought to be a result ofthe tailing's carbonate content (Tisch, 1997). The gold 

tailings contained 0.15% nitrogen, 142 ppm of phosphorus and 4 636 ppm of 

potassium. Tisch (1997) used the same material in an earlier study and found that 

it contained 2% clay, 4.7% silt, and 94.3% and, thus placing the tailings in the 

sand textural class. 

3.2 Sulpbidic Tailings 

The tailings originally contained approximately 3% sulphur in the form of 

pyrrhotite, and were supplied by inco Limited, fiom an old tailings storage site at 

Copper Cliff. Ontario. The site had been previously vegetated in an attempt to 

reduce the arnount of acid drainage and the sulphide content to zero. These 

tailings were also available in large quantities and contained 0.01 1% nitrogen, 

1.12 ppm phosphorus, and 8 ppm potassium. The revegetation pmess produced 

tailings with a relatively high pH of 6.2 and an organic content of 2.67%. 

3.3 Cranulated SIag 

The granulated slag, the product ofcopperhickel smelting, was obtained through 

inco Limited fiom the former Victoria Mine smelter located near Worthingîon, 

Ontario. Compared to the other amendments, Ca, Cu, Fe, Na, and Ni extracted by 

the acid digestion procedure were high. Loss of ignition indicated that the 

granulated slag contained 0.36% organic matter, Kjeldahl analysis determined tbat 



the N content was 0.006%, and the ICP analysis indicated 1 pprn P, and 8 pprn K. 

The pH of this slag material was also slightly below neuttal with a value of 6.5. 

3.4 Biast Furnace SIag 

This material was obtained fiom Algoma Steel, located in Sault Ste Marie, 

Ontario. The slag was coarse and had basic properties with a pH of 8. The 

elemental analysis indicated that the blast fiiniace slag contained elevated 

concentrations of Ca, Mg, Mn, and Na. The organic matter content was l%, with 

plant growth nutrients present at the levels of 0.02% N, 83 pprn of P and 5 023 

pprn of K. 

3.5 Espanola Paper Mill Slury 

The paper sludge, which was obtained fiom the E.B Eddy paper mil1 located in 

Espanola, is a secondary sludge that contains microbial biomass and a lower 

percentage of inorganic fine particles, such as lime and clay, than a primary siudge 

(Belsito, 1999). ICP analysis of the material indicated that it contained 1 670 pprn 

of P, 2 850 pprn of K, and when corn@ to the other amendments it was high in 

Ba, Na and P. The material had a relatively neutral pH of 7.35,25% organic 

matter, and the Kjeldahl nitrogen anaiysis indicated 0.33% N content. 



3.6 Dtinkiag Paptr Mill Slurry 

The deinking sIudge was obtained trom the Quebec and Ontario Paper Company, 

located in Thorold, Ontario. Deinking sludges are typically composed of 40% 

clay, 30% carbon black, 23% cellulosic fibres, and 4% fàtty acids (Belsito, 1999; 

Trépanier el al., 1998). Analysis of this material indicated 0.75% nitrogen, 217 

ppm P, and 153 ppm K with a pH of 8.37 and 9W0 organic content. The analysis 

also indicated that the levels of Ba and Cu were slightly elevated compared to the 

concentrations present in the other amendments. 

3.7 Acetyleae Waste 

The acetylene waste is a by-product of acetylene production h m  calcium carbide, 

and is composed rnainly of calcium hydroxide. It is stockpileci on inco Ltd.'s 

sulphidic tailings and is used to neutralize the water in the tailings runoff streams. 

The material had a pH of 12.5, contained 4.5% organic material, and was high in 

Ca compared to the other amendments. The material contained 34 ppm P, 793 

ppm K and 0.03% N. 

3.8 N-Vin, Soil 

This amendment, a fly ash stabilized sewage sludge, was obtained fiom N-Viro 

Soi1 Systems Canada Inc., located in Maitland, Ontario. The manufacturer 

suggested that, if the material was to be used as a growth medium, it should be 

combined with a materid that would Iower its pH. The high pH is a resuit of the 



addition of an alkaline admixture and subsequent chernical reactions during the 

processing of the N-Viro Soil (Burnharn et al., 1992). The addition of the alkaline 

admixture produces a final N-Viro Soil product that has a calcium carbonate 

equivdent of 28%. The material was high in Ca, K, Na, and P having a pH of 12 

along with 74% organic matter. The plant nutrients were present at levels of 660 

ppm P, 6û 300 pprn K, and 0.15% N 

3.9 Fine Cbipped Basalt 

The basalt was obtained fiom Nuthin' but Rock located in Scarborough, Ontario 

and was advertised as having high paramagnetic qualities. The fine chipped basalt 

was chosen for use in this study based on reports that supporteci its abiiity to act as 

a fertilizer and improve the substrate by increasing its paramagnetic properties, 

subsequently improving agricultural yields (Callahan, 1996). The material 

contained 244 ppm of P, 2 200 ppm of K and 0.002% N with a pH of 8.9 and an 

organic content of 0.47%. 

3.10 Coarse Cbipped Basrlt 

The coarse chi@ basalt was obtained 6om Nuthin' but Rock locatd in 

Scarborough, Ontario and has been indicated to possess sirnilar properties to the 

fine chipped basalt, but with lower paramagnetic qualities. The ICP analysis 

producd elementd results sirnilar to those obtained hrn the analysis of the fine 



chipped basalt. The cûarse chipped basalt conauied 733 pprn P, 3 000 pprn K, 

and 0.003% N and 0.2% organic matter. 

3.11 Sand 

The sand was supplied by Ethier Sand and Gravel located near Garson, Ontario. 

The nuûient content of the sand was low with 151 pprn P, 2 580 pprn K and 

0.003% N. The sand had a near neutral pH of 7.3 and 0.2% organic matter. 

3.12 Clay 

The clay was supplied by Inco Limited and is available in large quantities. It was 

mined h m  the same location as the ciay used for the Copper Cliff clay cap and 

had a pH of 7.8 with a 3% organic content, The clay contained 0.02% N, 286 pprn 

P and 8 474 pprn K. 

3.13 Straw 

The wheat straw was purchased h m  Belanger Farm and Feed near Azilda, 

Ontario. The straw contained 99% organic materials, 1.56% N, 1 653 pprn P and 

15 433 pprn K. The suaw contained elevated levels of 1 650 pprn P, 2 300 pprn 

Na, and 46 300 pprn K compared to the other amendments. 



3.14 Compostcd Wood Cbips 

The wood chips had been previously composted by the City of Sudbury for their 

gardening needs, produchg a fine material with a pH of 7.8. The wood chips were 

composed of 0.73% N, 1 1 10 ppm P, 5 510 ppm K, and 99% organic matter. 

3.15 Horst Maoure 

The horse manure was gathered fiom Sudbury Downs Raceway near Adda, 

Ontario. It was a combination of home manure and wood shavings that were used 

for bedding in the pens. The amendment had a pH of 8.2 with elevated levels of 

Ca (1 16 000 ppm) and P (2 500 ppm). The material also possessed a 99% organic 

content with 0.7% N, and 4 680 ppm K, 

3.16 Peat 

The peat was supplied by the Efliot Lake Field Research Station and contained 

0.97% N, 4 10 ppm P and 1 863 ppm K. The amendment had a pH of 6.0 1 and an 

organic content of 99%. 

3.17 Bnwcry Wastt 

The brewery waste is a byproduct of the Northern Breweries beer making process. 

Unfortunately this material is only produced in mal1 quantities and is mainly used 

for animal feed. The brewery waste consisted mainly of cereal grains providing a 



100% organic content. ICP analysis indicated that the amendment containai 

4.93% N, 7 165 ppm P, and 403 ppm K with a pH of 7.1. 

3.18 Rock Phosphate 

The rock phosphate was obtained h m  Nuthin' but Rock located in Scarborough, 

Ontario for use as a plant growth nutrient. The material is a naturally occurring 

unacidulated soA phosphate mineral containing a colloidal clay hction. The rock 

phosphate contained 20% P205,2û% calcium and has a N:P:K ratio of O:3:O. 

3.19 Amtndmtnt Codes 

For the sake of clarity on al1 figures that list values for each amendment, the 

various amendments have been abbreviated (Codes). Appendix X Iists the 

amendments and their codes in a fonn that may be foided out for convenient 

reference. 



4.1 First Field Studv (1997) 

4.1.1 Introduction 

Direct comparisons of the Coniston slag pile and the Copper ClEstorage site 

indicated that the presence of a sandy loam material on the Coniston slag is the 

main difference between the two locations. The presence of the fine material 

improved the ratio of fine:coarse material. Kozlowski (1968) suggested that the 

addition of fines to a coarse material couid increase the water holding capacily of a 

substrate to the point where plant life can be sustained. 

A field study was established during the summer of 1997 on the Copper Cliff slag 

storage site northeast of the Big Nickel Mine [UTM 0497%2E 5 l47SO7NJ in an 

attempt to establish vegetation at this site. Because the slag contained little in the 

way of fme material the substrate was arnended in an attempt to produce a medium 

that would support growth. The study used 15 amendments and 3 combinations 

that could be grouped into one or more categories, cornposed of inorganics, 

orginics, industrial by-products and materials that address the nutrient limitations. 

Percent cover estimations were taken throughout the growing season and were 

used to indicate which materials improved the slag substrate conditions. 

4.1.2 Materials and Metbods 

The majority of the 15 materials chosen for application to the slag were readily 

available and found locally (Table 1). The exception to this was brewery waste 



and the wood chips which were available only in small quantities, and the hvo 

types of basalt and rock phosphate which were obtained fiom a supplier in 

Scarborough. 

Table 1 : Amendments Used in Preliminary Field Trial, 1997 

Amendment Source 
--- --.--- 

Clay Local Source Supplied by Inco Limited 
sand 
Peat 
Composted Wood Chips 
Horse Manure 
Straw 
Brewery Waste 
Granulated Furnace Slag 
Pulp Mill Waste 
Deinking Pulp Mill Slurry 
Gold Tailings 
Acetylene Waste 
Ruck Phosphate 
Coarse C hipped Basalt 

Éthier  and and Gravel, Garson, ON 
Elliot Lake, ON 
City of Sudbury Composting Facility 
Sudbury Downs Race Track 
Bélanger Farm & Feed, Azilda, ON 
Northem Breweries, Sudbury, ON 
Victoria Mine, Supplied by Inco Limited 
E.B. Eddy, Espanola, ON 
Québec & Ontario Paper Company, Thomld 
Pamour Mine, Timmins 
Inco Limited, Sudbury, ON 
'Wuthin' but Rock", Scarborough, ON 
'Nuthin' but Rock", Scarborough, ON 

Fine Chipped Basalt Wuthin' but Rockn, SCILtbOrough, ON 

Inco initialiy prepared the slag substrate during spcing 1997, using an application 

of agcicultural groide limestone. That same year, at the end of the summer, the 

field plots were marked out by the present author, using a fûlly randomized design 

with a replication of thtee. 2 x 2 m plots were separateci by a I m buftier zone and 

were each amended with 0.01 m3 of amendment material, produchg an average 

amendment application thickness of 2.5 cm- The exception to this was the rock 

phosphate and the two basalts which were added for theù fdilizer characteristics 



at lower rates of 0.5 kg and 1 1 kg respectively (Appendix HI). Following the 

amendment application, sixteen grams of Sudbury seed mix (Appendix VI) was 

added to each of the plots. 

Amendment materials were applied to the surface of the field plots on a volume 

basis using one full wheelbarrow load (0.0 1 m3) to produce an average amendment 

thickness of 2.5 cm. The amendment combinations were mixed in the 

wheelbarrow at a 1 : 1 ratio, producing the same volume and cover thickness as the 

individual amendme*. Rock phosphate was appiied to the plots at a lower rate 

of 0.5 kg per plot. The amendments wetG evenly spread over the surface of the 

field plots and raked into the top 10 cm of the slag to produce a slag mulch. To 

tùrther help reduce nutrient limitations C.LL brand Turf Starter fertilizer (10:20:5, 

with 50% of the nitrogen present as slow release sulphur coated urea) was applied 

to al1 seeded plots at a rate of 200 g per plot. 

To help determine the amendments that produced the most favorable growth 

conditions, percent cover estimates were taken throughout Summer 1998. The 

data gathered f?om the percent cover estimates provided a quantitative evaiuation 

of the arnount of vegetation covering the field plots, but prolonged drought pefiods 

made the results dificult to interpret. To provide the best estimate of which 

amendments produced the best plant growth conditions the maximum cover data 

obtained on September 2 1,1998 were used. 



Drier than average growing conditions thmughout the months of July and August 

(Monthly Meteorological Summary, 1999) (Appendix iX), made it dificult to 

estimate percent cover because much of the vegetation died. Near the end of 

September 1998 the area received more rainfall than the previous months and it 

was possible to make percent cover estimates of the vegetation that took root on 

the Copper Cliff slag (Figure 3). The percent cover estimations indicated that the 

paper sludges and the clay best addressed the limiting factors on the slag subsûate. 

Percent cover estimates irrespective of species indicated that Espanola paper 

sludge (1 8%) and Clay (12%) produced the highest vegetation cover. These 

amendments were closely followed by deinking paper sludge (8%) and the 

combination of Espanola papa sludge/clay (7%). 

4.1.4 Discussion 

Field studies c m  be difficult to interpret because of their uncontrolled nature. The 

growing conditions during the first observation period of Summer 1998 were 

harsh with an extendeci drought period during the beginning of the growing season 

and below average raintàll in July and August. The m-nfàll in July was 41.2 mm 

lower than the monthly average and the levels in August were 36 mm less than the 

monthiy average. This lack of rainfàil made it difficult to gather continwus 
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Figure 3: Percent plant cover for preliminary field plots, detennined on 
September 21 1998. Data are given as means 1 SEM, n = 3. Refer to 
Appendix VI1 for the key to the amendment codes. 



observations of the percent cover on the field plots. As a result the observations 

determined on Septemkr 2 1 1998 were used as a measure of plant growth 

response to the different amendments because they represented the maximum 

growth for that seasun. 

Although there is nota problern with acid drainage tiom the slag, the initiai 

application of agricultural limestone helped to stabilize the pH of the slag subsüate 

at an average value of 6.83. At this pH the nutrients supplied by the amendment 

materials plus the application of 10:20:5 turf starter fertilizer were considered to 

be available for plant uptake and to provide the necessary nutrients for growth. 

Furthemore, according to Brady (1 990) at that pH the potentiai problems of metal 

toxicity would be greatly reduced. Given the drought conditions throughout the 

observation pend, the application of turf starter fertilizer, and the near neutral 

pH, the major limitation that the amendments had to address was that of moisture 

retention. 

The materials that sus&ined the highest percent cover throughout the observation 

period were the paper sludges, peat, wood chips and clay. The deinking paper 

sludge and the Espanola pper sludge containeci 90% and 25% organic matter 

respectively. The paper mil1 studges varÿ in composition k m  mil1 to mill, but 

they are al1 high in cellulose, giving them a high water holding capacity (Phillips 

et al., 1997). The peat and wood chips used in this project were partially 



decomposed, giving them the ability to retain plant moisture at higher levels than 

the unamendeci slag. Partirtlly decomposed peat has k n  dmurnented to have the 

ability to rétain upwards of 12-20 times its dry weight in water, and the composted 

woad chips had a fine and c m  organic component, also giving it the ability to 

retain moisture (Brady, 1990). 

4.1.5 Conclusion 

Drought conditions throughout the duration of the fieM study made it difficult to 

take continuous percent cover observations because most of the above ground 

vegetation had died. This failure of the amendments to support the vegetation 

through the extended drought period when the pH was in an ideal range, and 

nutrient limitations were addressed by a fertilizer application, indicated that 

moisture retention was the main W r  limiting plant growth. The cover data at the 

time of maximum growth for the season, September 2 1 1998, indicated that 

several amendmats were suitable for mblishing vegetation. The amendments 

that suppurted the highest vegetation growth were Espanola paper sludge, 

deinking paper sludge, Espanola paper sludgefclay, clay, w d  chips and peat. 



4.2.1 Introduction 

Growing conditions in a field situation, such as the Copper Clüf slag, are dinicult 

to interpret because of varying environmental conditions over time and space. 

Several times during the observation period of the preliminary field study the 

vegetation showed signs of drought. Poor water retention combineci with possible 

nutrient deficiencies and extreme microclimatic conditions, such as high surface 

temperahues, made it difficult to isolate individuai &tors limiting plant growth 

under field conditions. 

To determine accwately the plant growth propertk of the fifieen amendments and 

3 combinations that were used in the pretiminary field study, a controlled 

greenhouse study was set up on January 7,1998 in the Laurentian University 

greenhouse. The use of a greenhouse study allowed for the plant growth 

enhancing properties of each amendment to be investigated in tems of root and 

shoot production, while controlling the conditions that were identifid as limiting 

to plant growth under field conditions. Frequent watering and stable 

microclimatic conditions dl~wexi for the plant growth benefits of each amendment 

to be determined. Liquid fertiiizer was aiso added to haif of the pots in order to 

investi*gate the effects of an additional nutrient source. 



The identification of the amendments that produced the best plant growth 

conditions under controlled conditions helped to support the findings in the field 

study. The results from this preliminary laboratory study were used as a guide to 

eliminate the amendments that produced poor results, thus allowing for increased 

replication of the remaining amendments in M e r  experiments. 

4.2.2 Methods and Materials 

Optimal use of greenhouse space was achieved by the use of square pots with a 

volume of approximately 1 L. Filter paper was placed in the bottom of each pot to 

allow adequate drainage while retaining the slag and amendments. The slag used 

for the pot expriment was sampled Erom several locations throughout the field 

research site and mixed into one large sarnple, creating an average of the substrate 

conditions present in the field. To maintain a grain size consistency between pots, 

pieces of slag larger than 5 cm in diameter were removed. Each pot was then 

filled with the slag to a level of 3 cm below the top of the pot, leaving space for 

the amendment additions. 

The 15 amendments and 3 combinations were added to previously labelled pots at 

a constant rate that produced a 2.5 cm surfàce layer. The amendments were then 

worked into the surfàce of the pots to reproduce the raking of the amendments into 

the d a c e  of the fieId plots. The fuial step in the preparation of the pots was the 

addition of 0.16 g of hco seed mix (Appendk VII). 



A second set of pots was prepared in the same way to investigate nutrient 

limitations by adding 5 ml of a f i iU culture Hoagland nutrient solution to each of 

the pots (Appendix II). The two sets of completed pots were then ananged in a 

randomized block design in the greenhouse and placed on r a i d  plastic mesh trays 

to reduce the possibility of cross contamination. This greenhouse study can easily 

be explained as having 18 amendments + 2 fertilizer treatments + 3 blocks 

totalling 108 pots. 

To ensure that water deficits and the varying environmental conditions in the 

greenhouse did not become confounding variables the pots were watered three 

times a week using demineralized water, and the blocks were rotated weekly. To 

prevent a nutrient build up in the fertiiized pots, the Hoagland nutrient solution 

was added to the pots after every second watering. 

The parameters used to determine which amendments created the most suitable 

plant growth conditions were shoot biomass and root biomass. The shoots were 

clipped 2 cm fiom the surface of the slag when a majority of the vegetation 

showed sexual maturity. ûwing to the Iimited amount of growth that was evident 

in some of the treatments the shoot material was harvested thtee times durùig the 

study. Immediately after clipping, the shoot material was placed on a balance to 



determine the mass of the fiesh material. The shoot material was next placed in a 

labelled envelope and set in a drying oven for 24 h at 70 O C .  

The root material was gathered during the final harvest of the shoots. At this time 

the pH of each of the pot substrates was taken and the mots were separated tiom 

the slag and the amendments by washing them and then rinsing them with distillecl 

water. The root material was also placed in a labelled envelope and oven dried at 

70 O C  for 24 h. After the 24 h drying period both the shoot and root material was 

placed in a desiccator and allowed to cool to room temperature, and then removed 

fiom the envelope and weighed to the nearest 0.001 g. 

The data that were gathered pertaining to the root and shoot weights and pH values 

were analyzed by applying a One-way analysis of variance followed by a Duncan 

Multiple Range Test. A Multiple Analysis of Variance was also used to explore 

the interaction between the amendment and fertilizer effects. 

4.23 Rcsults 

The data gathered fiom this greenhouse project (shoot biomass, root biomass, and 

pH of the individual pots) did not violate any of the parametric assumptions. 

When the results h m  the pararnetric tests were compareci to their non-parametric 

equivalent the results were the same, indicating that the parametric assumptions 

were not broken. 



To determine whether there was an interaction between the fertilizer application 

and the amendment type in relation to the root and shoot biomass production, a 

multiple analysis of variance was used. The MANOVA indicated that the 

interaction between the fertilizer and amendment application significantly affected 

the shoot production [F = 2.356, df= 17, p < 0.011, but did not affect the root 

biomass production [F = 0.92 1, d f  = 1 7, p > O.OS]. 

It was expected that the properties of the various amendments would have an 

effect on the measureâ variables. One-way analysis of variance tests were used to 

test this assumption, and indicated that the amendment variables had a significant 

effect on al1 of the rneasured parameters (Table 2). 

The arnendment applications produced varying amounts of shoot and m t  

biomass, with consistently lower leveb king produced by the sarne amendment 

when fertilizer was not applied (Figure 4). This trend was more obvious in the 

shoot biomass results, but was stiIl present in a majority of root biomass samples 

(Figure 5). 



Figure 4: Shoot Biomass produced on slag in pots given as means f 1 SEM, n = 3. 
Bars with the same letters are not signifimtly different at P = 0.05 (Duncan's 
Multiple Range Test). Refer to Appendix Vn for the key to the amendment codes. 
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Figure 5: Root biomass produced on slag in pots given as means f 1 SEM, n = 3. 
Bars with the same letters are not significantly different at P = 0.05 (Duncan's 
Multiple Range Test). Refer to Appendix VU for the key to the amendment codes. 
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Table 2: Total shoot biomass, mot biomass and substrate pH in relation to 
amendment type. 

Variables Df F-Value 
Shoot Biomass 17 3.2 14" 
Root Biomass 17 6- t 63** 

The fertilizer application significantly affecteci the mot and shoot production, but 

did not have a significartt effect on the pH of the pot substrates (Table 3). The 

substrate pH was found to be the highest in the pots treated with the combination 

of Espanola paper sludge and clay (7.5) and was the Iowest in the pot containing 

deinking paper sludge (6.0) (Figure 6). 

Table 3: Total shoot biomass, root biomass and substrate pH in relation to 
fertilizer application. 

..--- Varia Mes Df F-Valae 
Shoot Biomass 1 74.135'- 
Root Biomass 19.838~. 

The root and shoot data were also analyzed in terms of root:shoot ratios. A one- 

way analysis of variance indicated that the ratios were not aBected by the fertilizer 

treatments F=1.3q df = 1, P > 0.051, but the ratios were affected by the type of 

amendment used = 3.66, df= 17, P < 0.0001]. Because there was no effect on 



Figure 6: pH values oûtained fmm substrates in the gmhoutm poî experiment upon final haww ghren as means I 1 SEM, 
n = 3. No!e that the .d. on the pH axis staiis at 5 to better show the d'irenœs between treatments. Refer to Appenndbi VI1 
for the key to the amendment codes. 



the ratios as a result of fertilizer application, the values obtained tiom similar 

amendments were averaged producing ratios that were greater than 1, except for 

sulphidic tailings and brewery waste (Figure 7). 

4.2.4 Discussion 

The preliminary greenhouse study was conducted under conditions where the 

climate was stable and water was not a limiting factor, to isolate plant response to 

the manipulated nutrient levels and the growthenhancing characteristics of the 

various amendments. The amendments used in this greenhouse study had a 

significant affect on root growth, shoot growth and the substrate pH. Although 

fettilizer was added to half of the greenhouse pots to investigate the affect of 

fertilizer on plant growth, amendments including rock phosphate, coarse chipped 

basfilt and fine chipped basalt were also chosen because they contained nutrients 

essential Co plant growth. 

Next to nitrogen, phosphorus is usually the most limiting nutrient to plant growth 

(Salisbury and Ross, 1992). For rock phosphate to become plant available it must 

be in contact with moist soi], react with soi1 acids and be evenly s p r d  throughout 

the soi1 to maximize its contact and reactivity (Smith and Sinclair, 1998). In the 

preliminary greenhouse study the rock phosphate was evenly mixed throughout 

the pots when they were filled, and the pots were watered regularly. With these 



Figure 7: Root:Shoot müos cakulated from the data gathered from the preliminary green house project given as means î 1 
SEM, n = 3. Reler to Appendix VI1 for the key to the amendment codes. 



two factors king controlled in the greenhouse study it is suspected that substrate 

chemistry was the main tàctor contributing to the limited increase in plant growth. 

In a study using barley, rye, and cabbage, Russell et al. (1958) determined that 

rock phosphate was less effective if it was added to a soi1 with a neutral or alkaIine 

pH. The original pH values of the amendments used in this study were near 

neutral or basic, and the pH values for the pots at the time of the final harvest were 

close to neutral. The limited growth response to the rock phosphate compared to 

the liquid nutrient solution under these neutral to alkaiine conditions is likely due 

to the limited quantity and rate of dissolution of the rock phosphate (Bolland et al., 

1997). To increase the availability of the rock phosphate it should be added to a 

substrate with a marked acidity (pH I 5.5). The substrate should then later be 

Iimed to raise the pH to approximately 7 (Roscoe et al., 1955). 

The fertilizer effects of the two types of basalt were Limited because basalt is 

composed of t h e  main mineral groups; being Plagioclase, Pyroxenes, and 

Olivine. These minerais contain varying arnounts of Na, Ca, Mg, and Fe 

depending on the types of impurities containeci in them (Chesterman, 1978). Even 

though the basalt was determined to have low Ievels of P and K, the substrate pH 

of most pots was near neutral, which would resdt in very little nutrient king 

brought into solution. 



The two types of basalt were alsri selected for their growth enhancing 

paramagnetic properties cfaimed by the Nuthin' but Rock supplier. Various field 

triais of the paramagnetic materials have indicated that the rock does improve soi1 

quality in an agricu1tural settihg, but unfartunately it did not improve the fertility 

of the slag substrate significantly. Callahan (1996) also found that fertile, 

agricultwal soils have low levels of this pouamagnetic energy ptesent, but it is 

absent in poor soils. He defined pararnagnetism as %toms or molecules of the 

substance have net orbital or spin magnetic moments that are capable of king 

aligned in the direction of the applied field" (Callahan, 19%). 

Each amendment altered the pH of the greenhouse pots, but the continuai 

additions of the half strength liquid nutrient solution did not alter the substrate pH. 

Several explanations for why the pH was unaffmted by the fer t i lk  treatments 

include project duration, low nutrient solution concentrations, and the presence of 

agricultural grade limestone in the slag substrate. First the project was continued 

for almost a year, which allowed the elements in the pot substrate and the low 

concentration of elements in the nutrient solution to be flushed h m  the pots by 

the constant watering regimen. Secondly, the slag used in the greenhouse pots 

was s-pled fiom the Copper Cliff field research site that had been previously 

iimed. Thirdly, limestone content of the slag wuld have also helped to raise the 

pH of the substrates, thereby precipitating my toxic metals as &nates or 

hydroxides (Winterhalder, 19%). 



Symptoms of nutrient deficiency can be recognized in various forms. Salisbury 

and Ross (1 992) indicated that the most common symptoms of nutrient deficiency 

include stunted growth, slowed sexual matwity, or chlorosis or necrosis of various 

organs. Plants that were not fertilized in the greenhouse project did not matwe, 

and when compared to the fertilized plants showed signs of stunted growth. 

Statistical analysis of the nutrient study supported the visual observations of 

fertilizer benefits by indicating that the amount of root mass and shoot mass 

increased when fertilizer was applied to the pots. These results combined with the 

increased rate of sexual maturation of annual rye grass in the fertilized treatments 

indicated that a nutrient deficiency was present in many of the unfertilized 

treatments. 

Changes in a plant's root:shoot ratio can be used as an indicator of the plant 

growth environment and any changes taking place in it. For a given set of 

environmental conditions and growth stages the root:shoot ratios rernain almost 

constant (Brouwer, 1966). Differences in the plant growth environments produceci 

by the arnendment applications were indicated by statistical differences between 

the raot:shoot ratios of the plants grown in each amendment. Plants will typicaliy 

adjust their root:shoot ratios when a substrates nutrient supply is altered (Fitter and 

Hay, 1987). Contrary to the current literature, when the individual unfertilid 

arnendment treatments were compared to the fertilized treatments it was found that 



the root:shoot ratios did not change. The current Iiterature indicates that the 

root:shoot ratios will remain almost constant for a given set of environmental 

conditions, but will be altered when the conditions are changed (Brouwer, 1966, 

Fitter and Hay, 1987; Rendig and Taylor, 1989). This reaction of the plants to the 

fertilizer treatments can not be fully explained by the data gathered fiom the 

greenhouse study. Possible explanations for the unchanged ratios are the lengthy 

duration of the project that led to the pots king root bound, and the fiequent 

harvesting of the shoots. 

4.2.5 Conclusion 

The controlled conditions in the greenhouse made it easier to gather and analyze 

the root and shoot data. Measurements of the mot and shoot biomass indicated 

that the amendments that produced the m m  favorable plant growth environments 

were Espanola paper sludge/clay, Espanola paper sludge, deinking paper sludge, 

peat, peatiblast fumace slag, peat/acetylene waste, horse manure, granuiar slag, 

rock phosphate and coarse chipped basalt. The results for mot production were 

very similar to the shoot production data with only a few exceptions. The notable 

differences included horse rnanure, wood chips and granulated slag, which 

produced l e s  root biomass than either the gold taiiings, sand or clay amendments. 



Statistical analysis of the nutrient study results indicated that the root and shoot 

biomass was increased by fertilizer application. The increase in root and shoot 

production indicated that a nutient deficiency existed, and that to maximize 

biomass production a fertilizer application was required. The slowed maturation 

process of the annual rye grass in the pots without the addition of the liquid 

nutrient solution fûrther supported the nutrient deficiency problem. Although 

several amendments were applied to the slag to act as a nutrient additive, the 

results indicated that water soluble fehlizer produceci the best growth response. 



5.1 b o n d  Field Studv 119981 

5.1.1 In traduction 

The second set of field plots was located beside the preliminary field study, 

ensuring that the properties of the slag subsüate remained constant. The site was 

located to the east of Copper Cliff, with an available access route h m  the Big 

Nickel Mine Road. The location was previously levelled and treated with 

agricultwal grade limestone by Inco Limited, in an attempt to reduce the problems 

of erosion and metal toxicity. 

Results from the preliminary field and greenhouse studies were used to help 

reduce the number of amendments used in the second field study, and to allow for 

an incfease in replication in other field studies. The amendments chosen f?om the 

preliminary studies included the top six materials and four combinations that were 

designed from these six amendments. To detemine how well these materials 

performed in the field study the percent plant cover was evaluated throughout the 

duration of the study. 

5.1.2 Mttbods and Materials 

Results fiom the preliminary field and greenhouse projects helped to exclude the 

amendments that could not sustain plant growth. This exclusion of amendments 

allowed for an increase in the plot replication £rom 3 to 5 while maintaining a field 

trial of manageable size. The amendments that were chosen fiom the preliminary 



studies included deinking paper slurry, Espanola paper slurry, Espanola paper 

slurry/clay, peaüblast h a c e  siag, peatkoarse chipped basalt, peatirock 

phosphate, wood chips, sulphurtailings, gold tailings, and rock phosphate. These 

6 individual amendments and 4 combinations were placed on 2 x 2 m field plots in 

a randomiseci block design with a 1 m buffer zone between plots (Appendix IV). 

The amendments were applied to the plots on a volume basis, measured in a 

wheelbam with a 0.1 m3 capacity, that produced an average amendment 

application thickness of 2.5 cm, The combination of Espanola paper sludge and 

clay was mixed in the wheelbanow to produce a fiil1 wheelbarrow with a 1 : 1 ratio. 

To make the combinations of peat/coane chipped basait, peattblast fimace slag 

and peathck phosphate the wheelbarrow was filied with the peat, and 0.5 kg of 

the coarse chipped basait, blast fumace slag and rock phosphate were added. 

After the amendments were added to the surface of the slag they were spread 

evenly over the plot and raked into the top 10 cm of the substrate to produce a 

slag-amendment mix. Following the incorporation of the amendments into the 

surface of the slag, 16 g of Inco Limited seed mix and 200 g of 6-24-24 starter 

fertilizer were bmadcast over the d k e  of each plot. Rather than applying the 

Sudbury seed mix to the field plots, a readily available Inco Limited seed mix was 

used (Appendix VII). 



The initial seeding of the second field study took place in mid-June but severe 

drought resulted in minimal seed germination. The seed germination was 

improved by reapplying the Inco seed mix on August 15 1998. To allow for a 

cornparison between the amendments' performance as plant growth substrates the 

field plots were divided into quarters and the total percent cover of each quarter 

was estimated, which allowed frequency to be calculated for each 2 x 2 m plot. 

The estimations were made every two weeks throughout the growing season and 

then compared to detennine what amendments produced the most vegetation. 

An infrared thermometer was used to detennine the surface temperatures of each 

field plot. To ensure that the temperature d i n g s  on each plot were consistent 

the readings were taken on a clear day (September 1, 1999) to reduce the variation 

in solar radiation, and the thermometer was oriented the sarne way for each 

reading. The readings were taken from a constant height above the plots (0.5 m) 

angled at approximately 4S0 to the surface of the plot. 

The data pertaining to percent cover and sufice temperature were tested to 

determine whedier they fitted the parametic assumptions. To ditkentiate 

between the percent cover data and the temperature data, one-way analysis of 

variance tests, followed by a Duncan Multiple Range Test, were used to determine 

the best amendments and group them. 



5.13 Results 

Fiefd plot data are gathered in the form of total percent cover and surface 

temperatures. The total percent cover data represented in Figure 8 was gathered 

during the peak growth period of Summer 1998 (October 2) and represents the 

maximum vegetation cover observed on the plots. One-way analysis of variance 

tests indicated that the amendments used in this study significantly affected the 

estimated percent cover on the slag [F = 14.79, df = 10, P < 0.00011. The 

materials that sustained the most vegetation cover were deinking paper sludge 

(33%), Espanola paper sludge (28%), and the combinations of peaüblast h a c e  

slag (3 1%) and Espanola paper sludge and clay (29%). These top four 

amendments were closely followed by wood chips (25%) and the combinations of 

peat/rock phosphate (20%), and peat and coarse chipped basalt (20%). 

The application of the amendments to the surface of the slag significantly aEected 

the surface temperatures [F = 18.25, df = 10, p < 0.0001]. The Duncan Multiple 

Range Test placed the amendments into three groups, M e r  supporting the 

findings of the one-way analysis of variance. The deinking paper sludge and the 

wood chip plots had the highest surface temperatures, with averages of 29 OC (ISE 

= 0.68) and 29 O C  (SE = 0.86), respectively. The lowest recorded surfàce 

temperatures were 23 O C  (ISE = 0.73) occurring on the plots that had an 

application of sulphidic taiiings. On average the overall surtàce temperatures of 



Figure 8: Percent aver for field piots detemineci an ûctoôer 2 1998 given as mwns î 1 
SEM, n = 5- Bars with the same leüm am not s i g n i i  di(lierent at P = 0.05 (DuNan's 
Multiple Range Test). Relier to Appendi Vlll faraie key lo aie anmchmr codes. 



the field pl& were 27 OC (?SE = 0.33)- king 9 OC above the air temperature 

(Figure 9). 

5.1.4 Discussion 

Low vegetation cover on mine land is commonly a result of soi1 chernical 

conditions including acidity, low organic matter, low nutrients, and high metal 

levels (Kost et al., 1997; Vincze and Smith, 1997). On the slag substrate, low 

moisture retention, low nutrient availability and high surface temperatures were 

found to k the fadok limiting to plant growth. The incorporation of the 

amendments helped to improve the plant growth conditions by raising the 

substrate moisture retention and by providing nutrients. 

In both the preliminary and secondary field shidies the percent cover estimates 

indicated that the paper sludges (deinking sludge, Espanola pape; sludgelclay, and 

the Espanola paper sludge) best addressed the limiting fbctors on the slag. The 

paper sludges helped to increase the percent cover because tbey provide organic 

matter and add low levels of nutrients (Simpson et al., 1983). Studies conducted 

by Macyk and Faught (1998) using agricultural field plots indicated that 

applications of paper sludge helped ta moisture retention, producing higher 

crop yields. On the sfag the most limiting factor was moisaire retention, which 
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Figure 9: Surface temperatures taken fmm plats of the second field study 
given as means I 1 SEM, n = 5. The temperatures were taken August 9, 
1999 at 10:35 h with an air temperature of 18 O C .  Bars with the same letters 
are not significantly diirent at P = 0.05 (Duncan's Multiple Range Test). 
Refer to Appendix Vlll for the key to the amendment codes. 



was improved by the organic content ofthe paper sludges, leading to a higher 

percent cover. 

Although the paper sludge amendments improved the plant growth properties of 

the slag substrate, a second seeding was required for seed germination to occur. 

Successtiil germination of restoration seed mixes in the Sudbury area has occurred 

more fiequently when planted near the middle of August (Wintehdder, Pers. 

Comm.). The early seeding combined with the lower than average rainfall during 

the mid summer months of June and July 1998 are two possible causes as to why 

the initial seeding of the second field study did not germinate. Following the 

second seeding the r a W l  increased, allowing for vegetation establishment. 

The incorporation of the amendments into the surface of the slag produced a mix 

that still lefi a high percentage of the slag on the surfiice of each plot. Dark 

s d c e s ,  such as the slag and the dark coloured amendments, absorb higher 

amounts of radiant energy resulting in higher surface temperatures than materials 

Iighter in colour (Lillesand and Kiefer, 1994). This was exhibited by the higher 

s h c e  temperatures of the plots that were arnended with the darker amendments 

such as the deinking poiper sludge or the control treatment. The majority of the 

amendments used in this field study were dark in colour resuiting in the majority 

of the surface temperatures remaining similar to those found on the control plots. 

Although other studies have indicated that temperatures upwards of 32 O C  will 



increase plant growth, the moisture retention of the slag needed to be increased for 

plants to survive the elevated sdace temperatures (Gerard, 197 i ; King et al., 

1 997). 

5.1.5 Conclusion 

The percent cover estimates indicated that the paper sludges, wood chips and the 

peat based combinations performed the best under the field conditions. Iniîared 

temperature readings indicated that the darker amendments did not significantly 

alter the surfiace tem~ratures fiom those found on the control plots. The inability 

of vegetation to germinate on the plots during the drought period indicated that the 

amendment application rates needed to be increased to M e r  improve the 

moisture holding capacity of the slag. 

5.2 Second Gretahouse Studv (1998) 

5.2.1 Introduction 

AIthough the growing conditions throughout the second field study were more 

favourable than those during the first, it was still necessary to investigate the 

growth properties of the amendments under controlled conditions. The second 

greenhouse study controlled for the fàctors limiting to plant growth and allowed 

for the collection of shoot and mot biomass data. 



The list of amendments used in this greenhouse study was similar to those in the 

second field study, with the only notable change king the addition oCN-Viro Soil. 

This amendment was added upon the request of inco Limited, but was only 

supplied in small quantities. As a result of the Iimited amounts it was only possible 

to test the new material in the greenhouse. 

Statistical analysis of the combined results fiom this study and the accompanying 

field study allowed for a further reduction in the number of amendments. This 

reduction made it possible to design a more intensive investigation of the 

amendments' properties in M e r  studies. 

5.2.2 Materials and Methods 

The square pots used in this study were the same as those used in the first 

greenhouse study, and had an approximate volume of 1 L. Prior to being filled 

with slag to within 3 cm ofthe top, the pots were washed, labelled and had filter 

paper placed in the bottom of them to allow for ihe drainage whiie limiting the 

amount of slag that was lost through the botîom of the pot. The slag was sampled 

flom several locations tbroughout the research site and mixed together to produce 

an average of the slag conditions found in the field. The grain size of the slag was 

controlled by removing pieces of slag that had a diameter greater t h  5 cm. 



This greenhouse study included an additional amendment that was not tested in the 

field because it was supplied in too small of quantities to test in both the field and 

the greenhouse. The N-Viro soi1 is produced by treating municipal sewage siudge 

with an alkaline admixtwe, king either cement or lime kiln dust. As a result of 

the alkaline admixture and subsequent chemical reactions the final material has a 

pH of approximately 12, preventing metal release (Burnharn et al., 1992). 

The amendments were added to the labelled pots, using the same rates as those 

used in the field study. The only exception was the N-Viro soi1 mixed with equal 

amounts of sulphidic tailings to help lower its initial pH levels. The amendrnents 

were then incorporated into the pots to simulate the action of raking the 

amendments into the surface of the field plots. The final step in the preparation of 

the pots was the addition of 0.16 g of Inco Limited seed rnix (Appendix VU) and 2 

g of 6-24-24 starter fertilizer. 

The second greenhouse study used 12 amendment treatments replicated 5 times 

occupying 60 pots. The pots were arranged in a randomised block design and the 

blocks were rotated weekly to minimise the effects of the varying environmental 

conditions within the greenhouse. To iùrther reduce environmental influences the 

potentials for water deficits and nutrient deficiencies were reduced by watering the 

experiment every third day and by initial application of starter fertilizer. As an 

added precaution the pots were placed on raiseci plastic mesh ûays to reduce the 



possibiiity of cross contamination, while keeping the mts fiom protmding 

through the pots and gathering nutrients h m  the grave1 bench top. 

Shoot material was harvested k e e  times during the greenhouse project for the 

purpose of biomass detemination and the analysis of shoot metal content. The 

shoot material was harvested when the annual rye gras began to show signs of 

maturity. The shoots were clipped 2 cm h m  the swface of the slag, then placed 

on a balance for 6esh mass determination. The material was then placed in paper 

envelopes and dried in an oven for 24 h at a temperature of 70 O C .  After the 

drying period, the envelopes were allowed to cool to room temperature in a 

desiccator and their dry mas was measured to the nearest 0.001 g using the same 

balance. 

To consider the percent cover data and the shoot biomass data together, an index 

of effectiveness was caiculated (E), The iE was dculated by totalling the 

percent cover for al1 plots, and the shoot biomass for al1 pots. From these values 

relative values were calculated by dividing the individual values by theu 

respective total and then adding the values together for each amendment. This 

value was then divided by two and multiplied by 100 to state it as a percent. 

Relative Percent Cover + ReIative Shoot Biomass 



5.23 Rcsults 

The amendments that produced the greatest amount of shoot biomass were the 

paper sludges, wood chips and the mixtures that included peat (Figure 10). One- 

way analysis of variance tests indicated that the amendment treatments had a 

significant effect on shoot production, [F = 10.64, df = 1 1, p < 0.0001]. A Duncan 

Multiple Range Test grouped the shoot biomrrss production into two main groups. 

The least amount of shoot biomass was produced by the amendments that were 

grouped into the 'A' category, comprising the tailing treatments, rock phosphate, 

and N-Viro Soil/sulphidic taiiings. The amendments that produced similar, high 

levels of shoot material were grouped into the 'Ba category, and comprised the 

paper sludges, wood chips and the amendment combinations using peat and clay. 

The root growth was aiso significantiy afliected by the amendment treatment F: = 

1 1.33, df = 1 1, p < 0.00011, The statistical analysis produced similar findings to 

the shoot growth results, with root biomass production being maximized when 

deinking paper sludge and the combination of peatffock phosphate were used 

(Figure 1 1). The ability of these amendments to promote root growth was closely 

followed by the combinations of peat/ccmrse chipped basalt, peathlast t'unüice 

slag, Espanola paper sludgeklay, wood chips, and Espanola paper sludge. 
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Figure 1 O: Shoot biomass produced in the second greenhouse pot 
experiment given as means i 1 SEM, n = 5. Bars with the sarne letters are 
not significantly difïerent at P = 0.05 (Duncan's Muiüple Range Test). Refer 
to Appendix Vlll for the key to the amendment codes. 
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Figure 1 1 : Root biomass producd in the second greenhouse pot 
expriment given as means i 1 SEM, n = 5. Bars with the same letters 
are not significantly different at P = 0.05 (Duncan's Multiple Range Test). 
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The mot and shoot growth data were combined to produce root:shoot ratios 

(Figure 12). The root:shoot ratios were affiected by amendment type, IF = 2.24, df 

= 1 1, P < 0.051, and were placed into 3 separate groups using a Duncan posr hoc 

(P = 0.05). The overall average for the root:shoot ratios was 1.03, indicating that 

the plants grown in the best amendments were distributing their growth equally 

between root and shoot production. 

The final pH of the pots was unafïected by the amendment treatments, [F = 1.69, 

df = 1 1, p > 0.051, and on average was slightly acidic. The peat and rock 

phosphate combination had the lowest value at 6.08 and N-Viro Soi1 and sulphide 

tailings had the highest pH at 6.78 (Figure 13). 

Previously the field and greenhouse projects were considered separately, but to 

make decisions on which amendments provided the most suitable plant growth 

environment the two studies had to be considered together. The peak percent 

cover for the second field trial was combined with the shoot growth data taken 

fiom the second greenhouse project to produce an index that indicated the 

amendments that produce the most tavorable plant growth conditions (Figure 14). 

The index indicated that the four amendments that performed the best in &he field 

and the greenhouse were deinking papr sludge, Espanola paper slurry and the 

combinations of peaihlast fiiniace slag, and Espanola paper sludgdclay. These 
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Figure 12: Rootshoot ratios calculated from the data gathered from the second 
greenhouse pot expriment given as means * 1 SEM, n = 5. Bars with the same 
letters are not significantiy different at P = 0.05 (Duncan's Muttiple Range Test). 
Refer to Appendix Vlll for the key to the amendment cades. 
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Figure 13: pH values obtained fiom substrates in the second greenhouse pot 
experiment given as means il SEM, n = 5. Note that the pH axis starts at 6.0 
to show dinerences W e e n  values. Bars with the same letters are not 
significantly different at P = 0.05 (Duncan's Muitiple Range Test). Refer to 
Appendix Vlll for the key to aie amendment codes. 
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Figure 14: Index Values combining the values of percent cover and shoot 
biomass production (second field study, and second greenhouse pot 
experiment) using the best biomass producing amendments. Refer to 
Appendix Vlll for the key to the amendment codes. 



arnendments were closely followed by peat with rock phosphate, wood chips, and 

coarse chipped basalt. 

5.2.4 Discussion 

Substrate conditions, including moisture levels, nutrient availability and pH, have 

been found to widely influence growth responses of plants. In the greenhouse 

study the moisture and nutrient levels were controlled by fertilizer and water 

applications and the pH was maintained near neutral by the addition of limestone. 

The controlled conditions of the greenhouse study stabilized rnany of the 

environmental variables, making it possible to investigate the infiuence of the 

arnendrnents on biomass production. 

The amendments were found to infiuence the growth of both the mots and the 

shoots. The shoot biomass and the percent cover data fiom the second field and 

greenhouse projech indicated similar results. in both studies, rock phosphate, 

gold tailings, sulphidic tailings and the control treatments produced the lowest 

amount of vegetation. The order of the arnendments that produced the most 

percent cover and biomass appeared in a slightly diEerent order, but there was not 

a signifiant difference between the amendments in either study. 

The response of the plants to the different substrates can be simply illustrated by 

cornbining the root and shoot data to produce ratios. Root:shoot ratios that are 



greater than 1 indicate thoit the food energy favours a greater root production. 

Plants grown in coarse soils, such as the control treatment, have been found to 

have greater mot production than plants grown in loamy soi1 (Aung, 197 1). The 

influence of substrate texture was observed in the coarse control treatment that 

produced the most rwt growth, and was contrasteci by the lower root production 

using the finer Espanola paper sludge/clay treatment. 

Previously the field and greenhouse projects were considered separately because 

of extended drought conditions that contributed to limited cover on the 

preliminary field plots. To make decisions on which amendments provided the 

most suitable plant growth conditions, the results h m  the field and greenhouse 

projects were combined. The combination of these results produced an index that 

indicateâ what amendmemts performed best in the field and the greenhouse. The 

index indicated that the amendments that have the potential to produce the most 

vegetation cover contain organic matter, allowing hem to hold more plant 

avaitable water. Organic matter in the form of undecayed or partially decomposeci 

peat, similar to the peat used in this study, has been found to hold upwards of 20 

times its dry weight in water (Brady, 1990). . 

5.2.5 Conclusion 

The amendments that were chosen for use in the second greenhouse study were 

the amendments that produced the mst shoot biomass in the preliminary field 



study and the preliminary greenhouse study. This resulted in similar shoot 

biomass production under the controlled conditions of the second greenhouse 

study. The amendments that were placed into the top group for biomass 

production under the greenhouse conditions were the peathck phosphate, 

E s p d a  paper sludge, peatirock phosphate, Espanola paper sludgelclay, wood 

chips, deinking paper sludge, and pedblast fùrnace slag. The amendments that 

sustained the greatest levels of vegetation in both the field and greenhouse studies 

were deinking paper sludge, Espanola paper sludge, peathlast f h a c e  slag and 

Espanola paper slud~e/clay. The addition of the fertilizer and the amendments 

altered the nutrient status, organic content and the grain size distribution of the 

slag substrate. These changes in the slag subsûate helped to improve the plant 

growth properties of the slag to the point where there was little difference in 

biomass production benVeen the peat based amendments and the paper sludge 

amendments under controlled conditions. 



6. Meta1 U~take bv Plants 

6.1 Introduction 

The incorporation of amendment materials into a substrate can affect the plant 

availability of metals. The availability of many metals for soil uptake by plants is 

controlled by soil organisms, soil atmosphere, pH, organic matter, and cation 

exchange capacity (Walton, 1988). Furthemore, the availability of elements for 

plant uptake is strongly influeneed by the way the elements interact. The 

interaction between elements found within the soil solution can be broadly 

grouped as antagonistic or synergistic. Kabata-Pendis and Pendis (1992) have 

cited Ca, P, and Mg as the major elements that produce the greatest number of 

antagonistic effects against the absorption and metabolism of several trace 

elements. Antagonism occun when the combined physiological effect of two or 

more elements is l e s  than the sum of their independent effects (Kabata-Pendias 

and Pendias, 1992). Synergistic effects occur less fiequently, and result when the 

combined effects of the elernents are greater than the surn (Kabata-Pendias and 

Pendias, 1 992). 

The Copper Cliff slag contains sorne residual nickel, copper, cobalt and iron 

(Boldt, 1967), and the amendments also contain elements as a result of their 

origins and processing methods (See Section 3 of this study)- It is a concem that 

the incorporation of the amendments into the slag could increase the soluble 

elements, or the plant uptake of the elements- To invdgate the potential problem 



of increased element uptake by plants, shoot material was harvesteà fiom the 

second greenhouse project, digested using nitric and perchloric acids, and the 

element concentrations in the digestion filtrate were tested for using ICPMS. To 

determine the possible increase or decrease of the soluble element levels in the 

slag and slag/amendment combinations a leaching column study was designed 

(Appendix 1). 

The leaching column study identified 12 potentially phytotoxic elements. These 

were those elevated to a level of at feast 2 10x the concentration of the leachate 

fiom the unamended slag, and were expected to have the greatest effect on the root 

and shoot growth. Although these soluble elements are elevated to a potentially 

phytotoxic level, it is expected that the organic properties of the amendments wiil 

reduce the concentration of metais in the shoot material by chelation or their 

al kalinity andfor phosphorus content. 

6.2 Material and Mcthods 

The procedure used to digest the amendments and shoot material taken from the 

second greenhouse study was moàifieà h m  Allen (1989). The initial sample 

preparation began by placing approximately 0.500 g of air àried material into an 

aluminium weigh boat of known mass, and placing it into a drying oven. The 

samples were dried for 12 h at a temperature of 75 O C  to reduce the chance of 



oxidizing any organic matenal in the samples. The oven dried materiai was then 

re-weighed and ûansferred to a labelled 50 ml Erlenmeyer flask. 

Following the addition of the sample material to the flask, 10 ml of concentrated 

nitric acid was added, dong with three to four glass boiling beads. Reagent blanks 

containing no sample material were also prepared in the same manner, and 

allowed to stand overnight, passively digesting the easily oxidized components of 

the samples. 

Afier the passive digestion process the flasks were swirled, then placed on a 

hotplate in a washdown fiime hood. The temperature of the hot plate was 

gradually increased until the flasks vented red fiunes. When the nitric acid was 

almost cornpletely evaporated, the flasks were ailowed to cool and 3 ml of 

concentrated perchlonc acid were added. 

The material in the flasks containing the perchloric acid was also allowed to digest 

passively over night, prior to being placed ont0 the sarne hot plate. The 

temperature of the hot plate was slowly increased until white fbmes were 

produced. After the perchloric acid was completely fiuned off and the flasks had 

cooled, 5 ml of concentrated niûic acid followed by 20 ml of distilled water were 

poured into the flask 



Atter allowing the flasks to stand ovemight the material was vacuum filtered and 

the digestion flasks were rinsed four times with distilled water. The filtrate was 

then transferred to a 100 ml volumetnc flask and made up to volume. The 100 ml 

solution was then transferred to a 100 ml sample container and placed in cold 

storage to prevent chemical changes in the filtrate while awaiting shipment to the 

laboratory for ICPMS analysis. 

Determination of the interactions of al1 the elements tested for by the ICPMS was 

outside the scope of this study. To reduce the number of elements it was 

arbitrarily decided that the soluble elements that would be examined were those 

elevated to 1 10x the concentration of that found in the unarnended slag. Many of 

the twelve elements that were highlighted by this methoci were potentially 

phytotoxic and were the ones that were expected to have the greatest eflect on root 

growth and shoot growth. As a result a manageable data set was produced 

containhg the potentially phytotoxic elements. 

The element content data that were gathered fiom this study did not originally 

conform to the parametric assumptions. To normalise the data, a natural log 

transformation was used. Following the transformation, al1 of the variables except 

sodium fitted the assumptions. Since parametric tests are generally quite rigid, the 

natural log transformed data were used for these tests. To ensure that the data did 

not violate the assumptions to the extent that the tests were affecteci, the 



parametric results were compared to the non-parametric equivalent whenever 

possible. 

To determine the relationship between shoot metal content and the amendment 

type, one-way analysis of variance tests were used, followed by Duncan post hoc 

tests to group the amendrnents based on element content of the shoot rnatenal 

grown in them. When the results were compared to the non-parameüic Kniskal 

Wallis rank test there was no difference in the significance levels, indicating that 

the data conformeci to the parametric assumptions. The relationship between the 

leachate element concentrations and the shoot element concentrations was also 

examined using Pearson correlations. 

To help explain the underlying dimensions of the variables, a factor analysis was 

used to place them into factors. Factorability of the data was detemined by the 

size of the correlation coefficients in the matrix, Kaiser-Meyer-Olkin (KMO) 

measure and the Bartlett test of Sphericity. Several of the correlations were 

around 0.5 but none were perfèct or near perfèct. The KM0 index was 0.63 and 

the Bartlett test of Sphericity produced significant results with P = 0.00 1. These 

three results indicated that there was no problem with multicolinearity and that the 

correlation matrix appeared suitable for k t o r  analysis. 



The final portion of the sîatistical analysis uses a stepwise multiple regression 

analysis to indicate which elements can be used to predict shoot growth and mot 

growth in relation to shoot metal content. 

The leaching columns indicated that Ba, Ca, Co, Cu, Fe, K, Mg, Mn, Na, Ni, P, 

and S were the elements elevated to a level1 t ûx that found in the unamended 

slag (Table 4). One-way analysis of variance tests indicated that the arnendments 

significantl y affected the leachate concentrations. The two arnendments that 

consistently affected the leachate concentrations were the sulphide tailings and the 

N-Viro Soil/sulphide tailings combination. The sulphide tailings significantly 

increased the concentrations of Co, Cu, Mg, Mn, and Ni. The Duncan post hoc 

test also indicateâ that Ba, Ca, K, Na, S, and P were increased by the N-Viro 

Soil/sulphide tailings combination. 

One-way analysis of variance tests were dm used to determine whether a 

significant relationship existed between the shoot metal concentrations and the 

amendment type. in al1 cases the amendment type significantly affected the shoot 

metal concentration (Table 5). 

As a follow up to the One-way analysis of variance tests, Duncanpost hoc tests 

with a confidence levet of0.05 were used ta separate the amendments into 



Table 4: Average concentmtion of etements found to be 110 x those found in the leachate taken from the control column. 
A list of abbreviations can te %und in Appendix VI1 1. 

DP 
EP 
ST 
W 
GT 
RP 
EC 
PB1 
PRP 

2 PB 
NST 



Table 5: Cornparison of the amendment type in relation to the h o t  element 
concentrat ion. 

common groupings based on th& shoot metal concentrations. The metals that 

were expected to be high in the slag are Cu, Ni, and Mg (Figures 15, 16, & t 7). 

The ievels of these metals and those of Fe and Na were found to be consistently 

high in the control treatment and in the rock phosphate -ment (Figure 18, & 

19). Although these metals were found to be the lowest in the treatnients 

containing the various paper studges or peat, Mn was found to be highest in the 

shoot materiai harvested fiom the pots treated with peat (Figure 20). 

The plant nutrients P and K were added to the pots in the fom of a 6-24-24 starter 

fertilizer. The standardized fertiiizer application resulted in the Duncan posr hoc 

indicating little diarence berneen the amendmats in terms of P and K 









RP CO NST ST EC GT PRP PB1 PB EP W DP 

Amendment 

Figure 18: ICPMS results for the concentration of Fe found in the shoot material harvested from the second 
greenhouse project given as means I 1 SEM, n = 5. Bars with the same letters are not significantly different at 
P = 0.05 (Duncan's Multiple Range Test). Refer to Appendix Vlll for the key to the amendment codes. 





PBi PRP PB GT NST W ST RP CO EP EC DP 

Amendments 

Figure 20: ICPMS results for the concentration of Mn found in the shoot material harvested from the second 
greenhouse project given as means I t SEM, n = 5. Bars with the sarne letters are not significantly different at 
P = 0.05 (Duncan's Multiple Range Test). Refer to Appendix Vlll for the key to the amendment codes. 



(Figure 2 1, & 22). Ca is also an important element involved in plant nutrition and 

was added to the slag prior to seeding in the forrn of limestone. This preliminary 

application of Ca introduced equal amounts of calcium into each pot causing the 

post hm test to place the amendments into similar groups with the exception of N- 

Viro Soi1 and the combination of Espanola p p e r  sludge/clay which have a 

considerable amount of Ca in them (Figure 23). 

Barïurn was the most concentrated in shoot material harvested fiom the pots 

containing paper sludge treatments and the lowest in the gold tailing treatments 

(Figure 24). The last two elements king examined in relation to toxicity were 

sulphur and cobalt. The sulphur was the most concentrated in the shoot material 

harvested fiom the pots treated with the N-Viro Soil/Sulphur Tailings combination 

and the sulphur tailings (Figure 25). Cobalt was the most concenîrated in shoot 

material harvested fiom pots containing untreated slag (Figure 26). 

The relationship between the concentnuion of shoot elernents and the soluble 

element concentrations were also inspecteci using Pearson correlations. These 

correlations indicated that there were several positive relationships between the 

soluble metah and the shoot metal concentrations (Table 6). 



GT PRP W RP PB1 DP CO ST EC PB EP NST 

Amendments 

Figure 21 : ICPMS results f a  the concentration of P found in the shoot material harvested from the wcond 
greenhouse project given as means I 1 SEM. n = 5. Ban with the same letten, are not significantly different at 
P = 0.05 (Duncan's MuRiple Range Test). Refer to Appendix Vlll for the key to the amendment codes. 





NST EC DP EP W ST GT PRP CO RP PB PB1 

Amendments 

Figure 23: ICPMS results for the concentration of Ca found in the shoot material harvested from the second 
greenhouse project given as means I 1 SEM, n = 5. Bars with the same letters are not significantly different at 
P = 0.05 (Duncan's Multiple Range Test). Refer to Appendix Vlll for the key ta the amendment codes. 



DP EP EC W NST PB PRP PB1 ST RP CO GT 
Amendments 

Figure 24: ICPMS results for the concentration of Ba found in the shoot material harvested from the second 
greenhouse project given as means I 1 SEM, n = 5. Bars with the same letters are not significantly different at P = 
0.05 (Duncan's Multiple Range Test). Refer to Appendix Vlll for the lcey to the amendment codes. 



NST ST RP CO GT EC PRP PB1 W EP PB DP 
Amendments 

Figure 25: ICPMS results for the concentration of S found in the shoot material hawested from the second 
greenhouse project given as means r 1 SEM, n = 5. Bars with the same letters are not significantly different at P = 
0.05 (Duncan's Multiple Range Test). Refer to Appendix WII for the key to the amendment codes, 



CO PRP RP GT PB1 ST PB EC W NST DP EP 
Amendmenf 

Figun 26: ICPMS results for the concentration of Co faind in the shoot material harvested from the second 
greenhouse projeci given as means I 1 SEM, n = 5. Ban with the same letters are not signifiuintly different at 
P = 0,05 (Duncan's Multiple Range Test). Refer to Appendix Vlll for the key to the amendment codes. 



TaMe 6: Shoot element concentrations and soluble element concentrations in 
column teachate. 

Shoot LMC hatt Corrdation 
Elernen t Eltmtnt Cotfficitst 

Fe Fe -0.6434** 
K Na 0.6292** 
Mg Fe U.5604* 
Mn Mn 0.5804* 
Mg Ni 4.746Zt* 
P Ni -0.6993** 
P S -0.6993** 
Ni S -0.860 1 ** 

*P<O.OS * * ~ < 0 . 0 1  

The hctor analysis created four factors with the first fàctor representing metal 

toxicity. This factor contained Co, Cu, Fe, Mg, Ni, and S explainhg a total of 

34.2% of the variance. The second k t o r  explained 18.1% of the variance and 

contained Ba, Ca, and Mn. The third factor contained the plant nutrients P and K 

and explained 1 1.9% of the variance. The fourth factor contained the variables pH 

and Na and explained 8.5% of the for a total explained variance of 72.7% 

(Table 7). 

A stepwise multiple regression analysis was used to hetp produce an equation that 

would predict shoot growth in relation to the pH and the twelve elements that were 

tested for in the harvested shoot material. Out of these twelve elements, five were 

significantly entered into the equation by the multiple qyesion analysis. These 

predictors were Cu, Ba, S, Co, and pH. Table 8 shows the regression coefficients 



Table 7: Factor scores taken h m  the rotated factor matrix showing variable 
groupings, communality and percent of  exphined variance. 

VariaùIes Factor 1 Factor 2 Factor 3 Factor 4 Commuarliîy 
PH 0.024 -0.249 0.026 û.636 0.468 
ba -0.430 4.685 0.103 0.095 0.673 
Ca 0.282 l a 6 S  0.313 0.369 0.748 
CO 0.646 0.627 0.027 -0.145 0.837 
CU 0.932 -0.01 8 4.059 =O. 133 0.890 
Fe û.895 -0.085 -0.152 0.177 0.862 . 
K -0.020 -0.303 0.678 O. 120 0.567 
Mt3 û.685 0.292 0.382 0.048 0.703 
Mn 0.008 a738 O. 182 O. 198 0.617 
Na -0.046 0.21 1 -0.003 0.735 0.587 
Ni 0.721 0.449 0.136 -0.294 0.827 
P 0.069 0.345 0.840 -0.134 0.848 
S 0.707 -0,063 0.455 0.327 0.818 

% of Exphined 34,200 18.1 1 1.900 8.500 
Variance 

Table 8: Predictor variables describing shoot growth in the second greenhouse 
project. 

PrdictorVariables B Beta T SE Beta 
Cu -0.587 -0.469 -4.363k 0.135 
Ba 0.553 0.549 5.491** 0.101 
S -0.873 -0.298 -3.141" 0.278 

Co 4.276 0.354 3.083.' 0.090 
PH -2.494 -1.860 2.353' 1.060 

Consîant 11.915 4.738" 
B 0.837~" 
R' 0.701 

@), the intercept (constant), the standardized regression coefficients (Beta), R, 

R', and the adjusted R~. The ngression coefficiaits of the five predicton are 

significant at the P < 0.01 and P < 0.05 levels, and when combllwd they pdict  

67.3% of the variance. 



A second step-wise multiple regression was used to apply the same shoot metal 

contents and pH values to root growth data in terms of metal content in the shoot 

material. From the 13 possible variables only Cu, Ba, pH, Co, and S entered 

significantly into the regression equation (Table 9). These variables combine to 

explain 64.03% of the variance in the root growth data set, having regression 

coefficients at the p < 0.01 level. 

Table 9: Predictor variables describing root growth in the second greenhouse 
study. 

Predictor Variables B Beta T - . . ---. . . - -. .. . - . . . . - . -. . . . . - - .. . ,. . . . - -. SE . . . . . . . Beta . .. . ... 

CU -0.455 -0.437 -3.883 0.1 118 
Ba 0.492 0.585 5.581.' 0.088 
PB -2.725 -0.244 -2.935.. 0.928 
Co 0.242 0.371 3.089** 0.078 
S -0.632 -0.258 -2.597" 0.243 

Constant 10.142 4.605.. 
R 0.819" 
R' 0.671 

6.4 Discussion 

Statistical analysis of the shoot element concentrations revealed that they were 

influenced by the soluble metal concentrations in the substrate, and the 

amendment types. To an extent, plants have the ability to control the amount and 

type of elements they absorb, but are limited in respect to trace elements (Kabata- 

Pendias and Pendias, 1992). As a result, the concentrations oftrace elements in 



plants are positively correlated to the concentration within the soi1 (Jarvis, 1981). 

This Leaves the plants susceptible to the problems of nutrient deficiencies and 

toxicity and provides a route into the food chain for the elements that are easily 

translocated. 

Organic matter is widely known for its ability to reduce metal toxicity by severat 

mechanisms including complexation, chelation, and adsorption (Belsito, 19%). 

Because of these properties the addition of organic matter to industrially disturbed 

land is a common step in the reduction of metal availability to plants and the 

reduction of leachate concentrations (Belsito, 1999; Gernmel, 1972; Tate, 1992; 

Tan, 1993). The effects of organic matter additions to the slag substrates were 

found in the shoot element concentrations and the leachate concentrations. With 

the exception of the additions of the sulphidic tailings, which are low in organic 

matter, a reduction of the metal concentrations in. both the column leachate and the 

shoot element concentrations resulted. This indicates that the organics in the 

amendments are helping to reduce the potential metal toxicity. 

Similar to the findings in the other sections within this thesis, the paper sludges 

and the amendments that used peat perfonned the best. The reduction of the 

potentially phytotoxic elements by these materials can be directly nlated to their 

cation exchange capacity (CEG) (Belsito, 19%; Kabata-Pendias and Pendias, 

1992). The CEC is typically high in organic matends making it one of the major 



soil components contributing to the sorption and adsorption ofelements (Kabata- 

Pendias and Pendias, 1992). The effectiveness of reducing metal toxicity with 

paper sludges and peat have been documented by Moo-Young and Gallagher, 

1998; Bunzl et al., 1976; Davies et al., 1997; Sheppard et al. 1989. These studies 

indicated that the organics helped to reduce metal toxicity in contaminated 

substrates, supporting the fmdings in the leachate and shoot metal concentration 

data. 

The factor analysis divided the elements into groups according to their interactions 

with each other. The interactions can be broadly classified as antagonistic or 

synergistic, and play a large role in determining an element's deficiency or 

toxicity in regards to plant nutrition. In factor 1 that contains Co, Cu, Fe, Ni, S 

and Mg the main interaction can be classified as antagonistic. According to 

Kabata-Pendias and Pendias (1992) magnesium, which is a major component in 

chlorophyll, has an antagonistic effect on the absorption of Co, Cu, Ni, and Fe. In 

geochemical cycles Ni and Fe are strongly associated with Co (Mitchell, 1945), 

and in the plant Co substitutes for Fe (Kabata-Pendias and Pendias, 1992). 

In high concentrations copper can stunt root growth (Cheng and hiron, 1974), 

and has the ability to enter root cells in dissociated forms producing a relationship 

between soil concentrations and plant concentrations (Kabata-Pendias and 

Pendias, 1992). When in the presence of copper, absorption of ion can be 



reduced and is commonly visible as copper induced chlorosis (Fiskel and 

Westgate, 1955). 

Factor 2 contained elements grouped in 2a of the periodic table. These elements 

were barium, manganese and calcium. In this factor calcium is the major element 

that antagonizes the absorption of several trace elements including barium and 

manganese. Calcium is found abundantly in the slag substrate because of a 

limestone application used to detoxifi the slag by precipitating metals and 

competing with metal ions for root uptake (Vaillancourt, 1994). Inside the p tant, 

calcium helps to maintain the integrity of ce11 membranes and is active in several 

growth mechanisms including mitosis in the apical meristem, initiation of cell 

elongation, and the determination of the rate and duration of ce11 elongation 

(Burstrom, 1968). Because of barium's chemical properties that are similar to 

calcium, the two elements are always associated in rocks, soils, and plants 

(Vanselow, 1974). 

The third factor consisteci of phosphorus and potassium, which can be labelled as 

major nutrients. Phosphorus absorption is commonly controlled by pH and 

absorbed as the monovalent phosphate anion (H2POi) and l e s  rapidly as the 

divaknt anion mi2) (Saiisbury and Ross, 1992). The phosphorus content of 

the shoot material harvested ftom the greenhouse study was not significantly 

correlateci with the final substrate pH of the pot substrate at the time of the final 



harvest because the pH values were within the range where ma t  elements are 

readily available for uptake (Brady, 1990). Phosphorus is an essential part of 

various plant functions, being found in the structure of many sugar phosphates that 

are involved in photosynthesis, respiration and other metabolic processes (Walton, 

1988). Phosphorus has a major part in the stimulation of early root growth and 

development while hastening maturity and development of fhit and seed (Walton, 

1988). Visual observations of the vegetation contained in unfertilized pots 

indicated that the unfertilized vegetation did not reach maturity and showed signs 

of nutrient deficiency in older leaves. 

Potassium is also a major element that is required for plant cells to carry out life 

fùnctions. It is easily transported through the phloem fiom old leaves to younger 

ones dong with nitrogen and phosphorus. The role of potassium in plant functions 

is equally as important as phosphorus, king an activator of many enzymes that are 

essential for photosynthesis and respiration (Salisbury and Ross, 1992). Potassium 

is also required for regdation, activation and stimulation of salt-water balance, 

enzyme activity and energy storage and release (Walton, 1988). 

6.5 Conclusion 

The addition of organic matter to metal toxic substrates is a common method for 

reducing element concentrations in leachate and the reduction of metai avaiiability 

to plants. The addition of amendments containing organic matter to the slag 



substrate in the second greenhouse study (1 W7) produced element concentrations 

in the leachate and the shoot material that were equal to or lower than those found 

in the control treatments. The amendments using the papa sludges and peat 

showed the greatest decrease in element concentrations in the shoot material and 

the leachates. The high metai levels in the leachate produced by the sulphidic 

tailings that contain minimal organic matter fWrther supported the ability of the 

paper sludge and peat amendments to complex metals. 

The interactions of elements within the soi1 and plant are difficult to interpret 

because of the many factors that influence their bhavior. The 10 elements that 

were elevated in the amended substrates were grouped into 3 factors according to 

their nutrient properties or interactions. The fîrst two factors included elements 

that were grouped based on their antagonistic interactions and the third factor 

contained phosphorus and potassium that were grouped based on their nutrient 

properties. 

When the root and shoot growth was investigated in terms of elevated element 

levels Cu, Ba, Co, S, and pH were indicated to a&ct the growth of each measured 

variable. pH was included in the grouping because it plays a major role in 

determinhg how readily avaiable the elemenîs are for piant uptake. In the case of 

Cu, Ba, Co, and S, these are al1 readily available for plant uptake when the pH is 

approximately 5.5. 



7.1 Tbird Field Stiidv W99) 

7.1.1 Introduction 

The drought conditions that occurred during the fkst two field studies (1997, 

1998) indicated that water retention was a major factor affecting the establishment 

of vegetation on slag. The volunteer vegetation that suniived the drought perds 

while growing on the amendment stock piles helped to support the theory that a 

higher amendment application rate could help to address the problem of moisture 

retention. These observations led to the development of a third field trial designed 

to investigate the effect of increased amendment application rates on moisture 

retention. 

The new field study was constructeci on the same slag site as the other two field 

studies north east of the Big Nickel Mine (0497%2E 5 l47SO7N). The 

amendments chosen for the field study were the amendments that produced the 

highest percent cover and the most biomass respectively, in the second field and 

greenhouse studies. The application thicknesses of these amendments were 

increased h m  2.5 cm to 5 cm and 7.5 cm to determine whether an increased 

application rate would improve the moisture retention of the slag. 

The new field study was constructed using the fou. amendments with the best 

potential, chosen on the basis of the results taken fiom the previous field and 



greenhouse studies. Field performance in response to the various amendments and 

application rates was evaluated by making weekly percent cover estimations 

throughout the growing season. These estimations were considered in 

combination with results fiom the pressure plate study (Section 7.3) to help 

support the use of the amendments in a larger scale study. 

7.1.2 Materials and Metbods 

A field plot study using various amendment application thicknesses was 

constnicted during the faIl of 1998 (Appendix V). The field study was organized 

in a randomized block design with 3 repiicate blocks, using 2 x 2 m plots with a 1 

m buffer zone between adjacent plots to d u c e  the chance of cross contamination. 

The four amendments that performed best in the second field and greenhouse 

projects were chosen for use in this field study. These amendments were deinking 

paper slurry, Espanola paper slurry and combinations of Espanola paper 

slurrylclay, and peathlast furnace slag. Each amendment was applied to the plots 

at t h e  different rates that were based on one wheelbmw load having a volume 

of 0.0 1 m3. The lowest application rate was obtained by using only one 

wheelbarrow load per plot, the middle application rate was produced by emptying 

2 wheelbarrow loads on each 2 x 2 m plot, and three wheelbarrow loads were used 

pet plot to achieve the thickest amendment application. These application rates 

correspond to approximate thicknesses of 2.5 cm, 5 cm, and 7.5 cm respectively, 

prior to incorporation. 



Once the amendments were applied to the plots, the material was evenly dispersed 

over the plot surface and then raked into the top 10 cm of the slag, Following the 

incorporation of the material into the surface of the slag, 16 g of the Inco seed mix 

was applied along with 200 g of 6-24-24 starter fertilizer. The initial germination 

of the seed mix during the fall of 1998 was low. To ensure that there was 

sufficient vegetation to allow for percent cover estimations, another 16 g seed was 

applied early in the 1999 spring. 

To help determine the ability of each amendment to support vegetation during the 

1999 summer, overall percent plant cover was estimated every three weeks. At 

the same time the plots were divided into quarters to obîain percent cover 

estimations, density, and 6equency values for each individual species. Relative 

values for the individual species data were calcuiated by separately toîaling the 

percent cover, density and hquency values for each individual species and then 

dividing the individual values by their respective totals. Similar to section 2.1 

these relative values were combined for the calculation of an importance value 

index (1'1) using the following equation: 

Relative Density + Relative Cover + Relative Frequency 



Near the end ofthe gcowing season rooting depth of Crepis tectorum was recorded 

to determine whether the root systems were conhed to the amendment layer. 

This was accomplished by carefully digging up the rooting system of 10 Crepis 

tectorum plants per plot, and rneasuring the length of the tap root. 

7.1.3 Results 

The percent cover estimates indicated that the only plots that sustained a 

vegetation cover were those with an application thickness of 7.5 cm (Figure 27). 

The exception to this was the combination of Espanola paper sludge and clay that 

was applied at a thickness of 5 cm. Further inspection of these Espanola paper 

sludgelclay plots indicated that the zones of vegetation establishment were located 

in small depressions. Despite the m e  taken to ensure an even application and 

incorporation of the material a thickness equivalent to 7.5 cm was gathered in the 

depressions. The percent cover data also indicates that the only materials that 

were able to support substantial vegetation growth under field conditions were the 

paper sludges. 

Rooting depth plays a large role in a plant's ability to compete for water in a soi1 

when it is in short supply. The rooting depth of Crepis tectorum plants that were 

growing on the water retention field plots was measwed to help determine if the 

plants were rooting deeper than the amendment layer (Figure 28). The tap root 

depth indicated that the Crepis tectorimi mting system remained within the 



Figure 27: The total percent cover estimates were taken in July and are 
given as means î 1 SEM, n = 3. The numbers following the amendment 
codes refer to the application thickness in centimetres. Bars with the 
same letters are not significanfly dinerent at P = 0.05 (Duncan's Multiple 
Range Test). Refer to Appendîx VIH for the key to the amendment codes. 



Figure 28: Rooüng depth of Crepis tectocum sampled from al1 water 
retenüoai plots that supported its growth given as means î 1 SEM, n = 3- 
The nurnbers following the amendment codes refer to application aiickness 
in œntimetres. Refer to Appendix Vlll for the key to the amendment codes. 



amendment layer and was not affecteci by the amendment type F = 1-42, df = 2, P 

> 0.051. 

Throughout the 1999 summer percent cover was also determined by quartering the 

plots and estimating individual species cover. This method of recording percent 

cover allowed for the determination of the density and fiequency of the individual 

plant species. These data were combined to calculate an importance value index 

(M) based on the amendment type as previously described in chapter 3.1 (Figure 

29). The M indicatéd that Crepis tectomm was the most efficient colonizer 

followed by Poa compressa. 

At the tennination of the study (September 1999) the field plots contained only 

three plant species that were in the original seed mix; narnely Poa compressa, 

Lolium multijlorum, and Tnfolium hybdum. Various vascular species that 

invaded the field plots h m  naîural seed sources adjacent the slag included 

Hordeum jubatum, Sonchus asper, and Crepis tectorum. 

7.1.4 Discussioa 

Paper mil1 s1udges and deinking paper sludges are potentidly useful soi1 

conditioners (Phillips et al., 1997, Trépanier et al., 1998). Fiem et al. (1 999) 

found that applications of paper mil1 sludge helped to increase the organic content 

of sandpit soils that possessed Iimited water retention. The organic component of 



DP 5 DP 7.5 EP 2.5 EP 5 EP 7.5 EC 5 

Amendment 

I Crepis tectorum I Hordeum jubatum 61 Poa compressa Bl Annual Ryegrass 
H Sonchus asper 19 Matricaria matricarioides e3 Polygonum aviculare Ca Panicum sp. 
8 Erodium cicutarium Q Trifolium hybridum 

Figure 29: Importance values for vegetation occumng on water retention plots. The numbets following the 
amendment codes refer to amendment thickness in centimetres. Refer to Appendix Vlll for the key to the 
amendment codes. 



the paper sludge materials is present as wood fibres, which improved the sandpit 

soi1 to a point where there was a measurable increase in its moisture retention 

(Fierro et al., 1997). Similar conditions were also present on the Copper Cliff 

slag, making moisture retention one of the greatest limitations towards plant 

growth. Vegetation establishment and survival on the field plots using various 

amendment application rates indicated that the additions of Espanola papa 

sludges and deinking paper sludges did increase the substrate moisture retention to 

a level where the vegetation could survive low rainfall periods. 

The invasive species were growhg on other vegetated areas surrounding the slag 

site and were brought to the plots by wind and animal dispersion. The Crepis 

fectorum was brought to the site as a seed bank in the Espanola paper sludge. This 

was investigated by placing a sample of the Espanola paper sludge in a growth 

chamber resulting in the germination of 21 plants from 0.00 1 m3 of the Espanola 

paper sludge. In the field study the Crepis tectorum dso flourished to the point 

where there were up to 50 plants growing on a single 2 x 2 m plot. Al1 the species 

that have became established on the slag plots are tolerant to dry conditions (Pohi, 

1954; Anderson, 1 988; Chambers et al., 19%). 

It is of interest that the most plentifiil weed species on the Coniston siag, (Crepis 

tectorum), was also a colonist and swivor on the Copper Cliff slag. The 

establishment of this tolerant species indicates that, even though the increased 



amendment application rates improved the water holding capacity of the slag, the 

conditions on the field plots were still dry. To fiirther improve the success of 

vegetating the field plots several steps could be taken. The fust possible 

improvement could be the application of a slightly higher amendment rate that 

would further improve the substraîe's water holding capacity, and allow the 

vegetation to form a more extensive mot system. Another way to improve the 

vegetation would be to change the seed mix to include other species that are 

tolerant to dry conditions. 

7.1.5 Conclusion 

Percent cover estimates and the rooting depth of the Crepis tectomm indicated that 

vegetation would not becorne established on the field plots unless the application 

rates produced an amendment thickness that was at least 7.5 cm. The vegetation 

that became established on the field plots included severai species that were a part 

of the Inco seed mix- Other species were invasive species that were brought into 

the study area from local sources and as a seed bank in the Espanofa paper sludge. 

The vegetation that suMved on the field plots indicated that the growing 

conditions were dry, even when the highest amendment application rate was used. 



7.2.1 introduction 

Percent cover data indicated that as the amendment application rate was increased 

there was an impmvement in plant growth conditions. One day following a 

rainfhll, soi1 amples were taken fiom the slag plots to detennine whether the 

increased application rates improved the water retention capabilities of the slag in 

the field. The percent moisture content of the field plot substrates was plotted to 

indicate the drying tendencies of the amended slag substrate under actual field 

conditions. 

Immediately following a rainIàll, soi1 water is loosely held in larger pore spaces in 

the soi1 rnatrix called cavems, and will drain fiom these pores until the substrate 

reaches field capacity (Slatyer, 1967). Once the water has drained fiom the 

cavems, and the forces of hydraulic conductivity and capillarity reach equilibrium, 

field capacity has been reached, and unsaturated fiow of water begins to occur 

through micropores (Fetter, 1994). The water that is held in the micropores is 

held more or less tightly depending on pore size. As pores of smailer size 

progressively drain the flow of water through the soi1 also is progressiveiy 

reduced. 



The slag substrate was allowed to reach field capacity ailet the persistent rainh11 

by starting the sampling 24 h after the min had ceased. Because this study was 

started when the substrate was near field capacity the resulting drying curves can 

be compared to the moisture release curves produced by the pressure plate study 

(Section 7.3). The rate of the unsaturateci flow through the soi1 is governed by the 

matric potential of the slag substrate that has been altered by amendment 

applications, and is suspected to be higher on the field plots that have higher 

application rates. The purpose of this study was to examine the drying 

characteristics of the amended slag under actual field conditions, and determine if 

the higher amendment applications rates inhibit the dry process. 

7.2.2 Materials and Metbods 

Soil samples used for the determination of the moisture content under field 

conditions were gathered fiom the field plots using various amendment application 

rates. To ensure that the slag substrate was near field capacity the sampling 

process began 24 h aftw a heavy r a i d l  to allow the drainage of the water held in 

large continuous pores. Daily sampling of the field plots occurred during the late 

aemoon, begi~ing on May 27,1999, and ended on the afhmoon of May 3 1, 

t 999 just prior to the next rainfall. 

A small gardenïng trowel was used to obtain one sample h m  the top 10 cm of 

each field pIot. To avoid any error as a result of evaporation fiom the sampte it 



was immdiately sealed in a previously labelled and tared plastic hg. When the 

samples were returned to the labotatory their wet weight was determineci and they 

were transferred to a tard metal soi1 tin. The tins were placed in a drying oven 

that was pre-heated to 80 OC and allowed to dry for 24 h. A drying temperature of 

80 T was chosen to reduce the nsk of oxidizing any organic material contained in 

the sample. 

Following the drying period the samples were removed fiom the oven and placed 

in a desiccator where they were allowed to cool to room temperature. The coarse 

hction of the ample was then removed using a 2 mm sieve. The sieving process 

was used to maintain a consistency between the gravimetric water study and the 

pressure plate study, in which the results were based on the 2 mm fraction. 

Immediately after the samples were sieved they were placed back into the drying 

oven for one hour at 80 OC to remove any moisture that was adsorbecl fiom the 

atmosphere. AAer the second drying period the amples were weighed to 

determine the dry mass of the a 2 mm hction which was then placed in a plastic 

bag for storage. Using the wet and dry mass values the moisture content based on 

the 2 mm fiaction was calculated using the equation: 

((total wet sample - dry coarse fraction) - (dry 2 mm fiaction)) 
moisture (dg) = 

dry 2 mm hction 



7.2.3 Results 

Several attempts were made to nomalue the data set but as a result of the large 

variance, it was not possible to confom to the parameûic assumptions. For each 

anaiysis the results fiom a non-parametric and an equivalent parameûic analysis 

were compared to determine if the data set deviated fiom the parametric 

assumptions to the point where the test results would be influenced. Aithough, the 

parametric tests produced results that were significant to the same level as the non- 

parametric analysis, the variance is still a concem making it important to support 

the results with other findings fiom this thesis. 

To determine if the substrate was at or near field capacity 24 h aller the last 

rainfall the gravimetric moisture curves were compared to the pressure plate 

curves in section 7.1 of this study (Table 10). The cornparison indicated that the 

plots with amendment application thicknesses of 2.5 cm and 5 cm were al1 below 

field capacity, and the plots using the 7.5 cm application thickness were near field 

capacity. 

Results £rom the Kniska il Wallis rank sum tests indicated that there was no 

significant increase in the water holding capacity of each amendment treatment as 

the application rate was increased (Table 11)- The graphs that were plotted fiom 



Table 10: Soi1 tensions componding to the gravimetric water content of the third 
field study. 

Amcndmtnts Rate@m) Day 1 Day2 Day3 Day4 Day 5 - .-- -- - -- - --- .- - .- - - - - . .. - . - . . - . -. - - -. . - - - - - . . 
Control O A F F F F 
Peathlast tùrnace slag 2.5 D C A D F 

5 B F A B A 
7.5 B A A A A 

Espanola paper sludge 2.5 B A A C C 
5 C C C B A 

7.5 B B B B C 
Espanola paper sludgeklay 2.5 E E E E E 

5 E C E E C 
7.5 B C B C B 

Deinking paper sludge 2.5 B A B F F 
5 A A A A F 

7.5 A B B A C 
* The stated tension ranges are: A > -0.03 MPa, B -0.03 to -O. t MPa, C -0.1 to - 
0.4 MPa, D4.4 to-û.8 MPa, E-0.8 to-1.5 MPa, and F<-1.5 Mfa. 

the data have overlapping drying curves throughout the five day sarnpling period, 

but still indicate several trends. Although the statistics did not indicate a 

signifimt difference between the application rates, the average moisture values 

did show a difference when plotted (Figures 30,3 1,32, & 33). in each case the 

control plots held the least amount of moisture and the 7.5 cm application rates 

held the most moisture on each of the days they were sampled. 





Figure 31: Moisture release curves for Espanola paper studge at three application thicknesses (2.5 cm, 5 cm, 7.5 
cm), and an unamended control. Data are given as means I 1 SEM, n = 3. 



Figure 32: Moisture release curves for Espanola paper sludgelclay at three application thicknesses (2.5 cm, 5 cm, 
7.5 cm), and an unamended control. Data are given as rneans f 1 SEM, n = 3. 





Table 1 1: Water holding capacity in relation to amendment application rate. 

Amendments 8 F-Probability 
Control 1 2 0.06 

2 2 0.19 
3 2 0.09 
4 2 0.49 
5 2 0.39 
1 2 0.1 1 
2 2 0.39 
3 2 0.08 
4 2 0.06 
5 2 0.08 

Espanola Paper Sludge 

Espanola Paper Sludge/clay 1 2 0.25 
2 2 0.25 

Deinking Paper Sludge 

3 
4 
5 
1 
2 
3 
4 
5 

PeatBlast Fumace Slag 1 
2 
3 
4 

The data were also analyzed to determine whether a difference in moisture 

retention existed between the maximum application thicknesses (7.5 cm) of each 

amendment (Figure 34). The data pertaining to the top application rates were 



Figure 34: Comparison of moisture release cuwes for the maximum application thickness (7.5 cm) of each 
amendment and an unamended contml given as means r 7 SEM, n = 3. Refer to Appendix Vlll for the key to the 
amendment codes, 



analyzed using both the non-parametric Kruskal-Wallis rank sum test and the 

parametric one-way analysis. When the results of the two tests were comparecl 

they were seen to be within the same probability range, indicating that the one- 

way analysis of variance test was flexible enough to use with the un-transformed 

data. The one-way analysis of variance tests indicated that there was no 

significant difference between the top amendment application rates after the first 

day [F = 5.77, df = 14, P > 0.051, or the second day [F = 1.33, df = 14, P > 0.051. 

The one-way analysis of variance test indicated that the amendment type 

significantly altered the water holding capacity of the slag at the 7.5 cm 

application rate during the last three sampling days. On day 3 [F = 14-17,df = 14, 

p < 0.0011 and day 4 [F = 5.95, df = 14, p < 0.011 the Duncan multiple range test 

indicated that the peat/blast fùmace slag combination held the most moisnire and 

that the other amendments were similar. On the fifth sampling day the moisture 

holding capacity of the slag substrate was also significantly altered by the 7.5 cm 

application rate [F = 4, df = 14, p < 0.051. The Duncan multiple range test 

indicated that there was an overlap between the amendments on the fifth day but 

still placed the combination of peatiblast h a c e  slag in the top group coritaining 

the most moisture. 



7.2.4 Discussion 

The increased amendment application rates were expected to improve the moisture 

retention of the slag substrate. Attempts to differentiate statistically between the 

drying curves produced by the increased application rates of each amendment 

indicated that there was no difference between each rate. The main reason for the 

lack of statistical difference was the large variability contained within the data set 

as indicated by the large variance. The possible causes of the variation within the 

plots are uneven incorporation of the amendments into the surface of the slag the 

heterogeneous nature of the slag, and sheltering of the substrate surface by large 

pieces of slag that were found on the substrate surface. 

In areas where the arnendments were unevenly incorporated into the slag substrate 

the water retention could have been increased by the high water retaining capacity 

of the sludge and improvement of the fine to coarse grain size ratio corresponding 

to the findings of Piearce and Boone (1 998). The large pieces of slag resting on 

the surfàce of the test plots created sheltered areas on the plots. This stabilized the 

substrate surîàce and improved the microclimatic conditions, which was indicated 

in another study by Slick and Curtis (1985) to help reduce evaporation. 

Percent plant cover observations of the water retention field study indicated that 

vegetation would not grow on plots with amendment application rates lower than 

7.5 cm The statistical evaluation of the 7.5 cm amendment application thickness 



indicated that there was a significant difference b e b w m  the water holding 

capacity of the amendments when the 7.5 cm application thickness was used 

(Figure 34). The most probable reason why there was no sîatjstical difference in 

the gravimeûic water content during the first two sampling days is that the 

physical properties of the amendments did not have an effect on moisture loss 

until day 3 of the sampling period. This is illustrated by comparing the peaüblast 

furnace slag, which contained the most organic matter, to the paper sludge 

arnendments. At the end of the study the peaüblast h c e  stag held more water 

than the paper sludges because the organic matter enabled the peat initially to 

contain moisture at a level greater than the paper sludges (Brady, 1990). 

When a soi1 has reached field capacity, the water is held weakly by the substrate 

and is fieely svailable for plant uptake. When the soi1 is unsaturateci the 

movement of soi1 water is strongly influenced by-the physical promes of the 

material (Kozlowski, 1968). The physical properties of the materials caused a 

noticeable difference in the water content of the plots because of the slower water 

drainage, resdting fiom the tighter binding of the water to the substrate and the 

slower movement through the macropores (Brady, 1990). 



7.2.5 Conclusion 

Although there was a high variability in the gravimetric water data, and the data 

could not be nomlized, observations h m  the drying curves are still usefirl. Tbe 

general trends illustrated by the drying curves are supported by the percent plant 

cover on the field plots in the third field study. 

The large variability in the data caused several overlaps in the drying curves. 

Statistical analysis of these curves indicated that there was no difference between 

the water holding capacities of the amendments as the application rates were 

increased. Even though the application rates did not cause a significant increase in 

the water holding capacity of  the slag, there was a difference between the water 

holding capacity of the materials at the top application rates. The cornparison of 

the drymg cwves indicated that the peathlast f h c e  slag held the most moisture 

throughout the sampling pend closely followed by the deinking paper sludge 

trament. 



7.3 Moisture Reltase Sîudv 

7.3.1 Introduction 

Percent cover observations fiom the third field study indicated that the i n d  

amendment application thicknesses helped the vegetation to survive periods of low 

rainfall. B a d  on a greater percent cover on the field plots with a higher 

amendment application thickness, it was suspectecl that more moisture was 

availabie for plant uptake as the amendment application thickness was increased. 

The pressure plate analysis was used to determine whether the water holding 

capacity of the slag was improved by the increased amendment application 

thicknesses. 

Water retention in a mineral soi1 is directly influenad by the grain size 

distribution of the mil. Soils that have an even grain size distribution typically 

have a totai pore space greater than a fine textured soil, providing more space for 

water storage. The soi1 water is acted upon by the hrces of capillarity and 

adhesion, resulting in a lower free energy and negative matric potentials 

(Kozlowski, 1 %8). Fine mils like clay hold more water at any given potential 

than a sand or silt. Although there is more water held in a clay, it is more difficult 

to remove, with approximately haifthe water king unawilable for use by plants 

(Brady, 1990)- 



The zone that extends fiom the land s&e to the base of the mts contains the 

moisture that is available for plant uptake (Fetter, 1994). Water is available to 

plants throughout a range of water potentials fiom - 0.03 MPa to - 1.5 MPa in the 

case of mesophytic plants (Slatyer, 1967). The pressure plate technique was used 

to quanti@ the expected increase in water holding capacity and moishm release 

characteristics throughout this range as the amendment application rates were 

increased. This was done by applying pressures that were equal to the tension 

(soi1 water potential) with which the matrix held the water. The amount of water 

remaining in the matrix throughout the pressure range of - 0.03 MPa to - 1.5 MPa 

can be plotted as desorption, or soi1 characteristic curves. Individual .points aIong 

these curves can be compared statistically to determine which amendment and 

depth of application held the most plant available water. Furthemore, water 

content data in g-g", taken in the field (section 7.2) can thm be applied to the 

desorption curve for the appropriate substrate to obtain the equivalent soi1 water 

potential. 

7.3.2 Materials and Methods 

The material used in this study was sampled fiom the top 10 cm of each of the 

field plots that had varying amendment application thicknesses of 2.5 cm, 5 cm 

and 7.5 cm. The amendments representeà by this sampling procedure were 

deinking paper slurry? Espanola paper sludge, Espanola paper slurry/clay, 

peat/blast h a c e  slag and a control. The samples were collected using a small 



gardening trowel then placed directly into a 25 cm x 50 cm plastic bag. The bags 

were returned to the laboratory for storage and left open to allow the material to 

air dty. Once the sample was dried, it was passeci through a 2 mm sieve to ensufe 

the same particle size regimen for al1 the treatments. 

Two types of reinforced porous ceramic plates were prepared for use by allowing 

them to soak in distilled water for a 24 h period. The first set of plates were used 

for pressures up to O. i MPa and the second set of plates were used for pressures up 

to 1.5 MPa. Four substrates replicated three times were placed on each plate, 

contained in rubber rings that measured 5 cm in diameter and 1.5 cm in depth. To 

determine the matric potential of the substrates, the samples were first saturated by 

placing the loaded plates in shallow trays containing distilled water over a period 

of24 h. 

The plates with the saturated samples were next placed in a pressure chamber at 

pressures of 0.03 MPa (approximating field capacity), 0.1 MPa, 0.4 MPa, 0.8 

MPa, and 1.5 MPa (approximating the permanent wilting point), Each nm at a 

new pressure was made ushg k s h  material because the wetthg and dryhg 

process is known to cause hysteresis. 

The pressure plates remained in the chamber until they reached equilibrium. The 

state of equilibrium between the imposed pressure in the chamber and the matric 



potentid of the materd was detennined by collecting the expelled water in a 

burette and noting when the volume remained constant. At this point the plates 

w m  removed £tom the chamber and the soi1 rings were emptied into a soi1 sample 

can of known weight. The wet sampte and container are weigtied to the nearest 

0.01 g and placed in the drying oven at 80 OC for 24 h. The temperatwe of 80 OC 

was chosen because many of the samples were organic and could be oxidized at 

higher temperatUres, adding an element of error. 

Atter the 24 h period the dry samples were placed in a desiccator and allowed to 

cool to room temperature before king weighed to the nearest 0.01 g. Soil 

moisture content was calculated using the equation: 

wet weight - dry weight 
Soil Moisture (dg) = 

dry weight 

7.3.3 Rcsults 

One of the major reasons fbr the amendment apptications to the slag was to 

increase the water holding capacity within the mting m e .  A hvo-way analysis 

of variance was used to examine the effèds of the different amenciments and 

application thickness on moisture retention. The d t s  indicated that both 



amendment type and application thickness had a significant effect on the moisaire 

holding capacity of the slag throughout the tested soi1 water potential range of 

- 0.03 MPa to - 1.5 M'Pa (Table 12). 

Table 12: Moisture retention in relation to arnendment type and application 
thickness. 

IV DV Df F-Value Eta 
Amendrnent Moisture 4 49.859" 0.77 
Thiclmess Moisture 2 19.869" 0.34 
Amendment by Thickness (Interaction) Moisture 8 444.967" 
** P < 0.01 
Multiple R' = 0.703 

The moisture release curves indicate an increase in water holding capacity through 

the tested pressure range in relation to an increased arnendment application 

thickness. This trend can be seen in the moisture release curves for Espanola 

paper sludge, and deinking paper sludge (Figure 35,36). At field capacity, - 0.03 

MPa, a 20% increase in the water content for these two amendrnents was noticed 

between the application thichess of 2.5 cm and 7.5 cm. 

One-way analysis of variance supports the observation that the percentage of 

water retained in each application thickness of deinking paper sludge significantiy 

increased as the application thickness were increased. The moisture content in the 

Espanola papet sludge showed similar trends, but at the permanent wilting point (- 

1.5 MPa) the increase in application thickness iiom that of the 2.5 cm thickness 
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Pressure (MPa) 
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Figure 35: Cornparison of moisture release curves produceci by the pressure plate analysis for Espanola paper sludge at 
three application thicknesses (2.5 cm, 5 cm, 7.5 cm), and an unamended control. Data are given as means î 1 SEM, n = 
3. 





did not show a signifiant increase in moisture retention (Table 13). For ûoth 

amendments the difference between the amount of plant available moisture in each 

of the application thicknesses is greatest between the range of - 0.03 MPa and - 
0.4 MPa. 

Table 13: Moisture holding capacity in relation to an increased application 
thickness. 

Amendment 
p.- 

IV DV Pressure -... Df F-Value 
Espanola Paper Thickness Moistwe 0.03 2 5.37'-- 
Sludge 

0.4 2 21.52" 
1 .S 2 2.62 

Deinking Paper Thickness Moisture 0.03 2 15.83" 
Sludge 

0.4 2 5 9 . 6 ~ ~ ~  
1 .S 2 61.25' 

* P<O.OS ** P<0.01 (n=6) 
'It should be noted that the pressure values are stated as MPa. 

The combination of peat and blast fùmace slag also increased in water content as 

the application thickness was increased (Figure 37). This combination of organic 

and sludge material containeci more moisture at any pressure than the Espanola 
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Pressure (MPa) 
+CO -2.5 cm +5.O cm +7.5 cm 

Figure 37: Cornparison of rnoisture release curves for peatiblast furnace slag at three application thicknesses (2.5 cm, 5 
cm, 7.5 un), and an unamended control. Data are given as means I 1 SEM, n = 3. 



paper sludge, the deinking paper sludge and the combination of Espanola paper 

sludge and clay throughout the tested pressure range. One-way analysis of 

variance indicated that there was no signficant difference between moisture 

retained at the application thicknesses at tensions of - 0.03 MPa, and - 0.4 MPa 

but that they were significantly different at - 1.5 MPa (Table 14). 

Table 14: Moisture holding capacity of each application rate in relation to various 
pressures. 

Amendment IV DV Pressure Df F-Value 
Peat and Blast Fumace Ttiickness Moisture 0.03 2 6.56 
Slag 

0.4 2 2.63 
1.5 2 6.12' 

* P < 0.05 ** P < 0.01 (n = 6) 
' Note that the pressure values are stated in MPa. 

The average moistwe content for the combination of Espanola paper sludge and 

clay was similar to the single amendment applications ofthe Espanala paper 

sludge and the deinking papa sludge. A notable difference between these moisture 

release curves and the combination of Espanola paper sludge and clay is the emitic 

overlaps of the c w e s  at several pressures (Figure 38). As a result of the 

variability, the one-way analysis of variance test indicated that the water holding 

capacity of the peat and blast fumace slag combination did not significantly 

increase as the application thickness was h c d .  
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Pressure (MPa) 
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Figure 38: Cornparison of moisture release curves for Espanola paper sludgetclay at three application thicknesses (2.5 
cm, 5 cm, 7,s cm), and an unamended control. Data are given as means f 1 SEM, n = 3. 



Figure 39 compares the thickest amendment applications (7.5 cm) and indicates 

that there is no difference between Espanola paper sludge, deinking paper sludge 

and the combination of Espanola paper sludge and clay. The control treatment 

held the least amount of water at any pressure and the peat and blast fimace slag 

combination appears to hold the most amount of plant-available water at any of 

the tested pressures. 

For each of the one-way analysis of variance tests a Duncan posf hoc set at the 

0.05 confidence level was used to separate the amendments into similar groupings. 

For each of the pressure levels the Duncan posî hoc separated the control 

beatment into its own group while placing Espanola paper sludge/clay, Espanola 

paper sludge and deinking paper sludge into a comrnon group. The combination 

of peatiblast fmace slag held more water than any of the highest application rates, 

resulting in it king placed into its own group. 

73.4 Discussion 

It hm been documenteci by Canney (1998) that for every kg of biomass produceci 

by a plant, 500 kg of water are absorbed by the rmts and transpired h m  the 

laves. This water is essentid for plants to carry out their viîal processes that 

include seed germination, and the hydration of plant cells and tissues during 

development. Water holding capacity is a limiting Wor towards plant p w t h  on 

many soils such as the coarse slag. A study conducted by Smith 
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Figure 39: Comparison of rnoisture release curves for the maximum application thickness (7.5 cm) of each 
amendment and an unamended control given as means * 1 SEM, n = 3. Refer to Appendix Vlll for the key to the 
amendment codes. 



et al. (1 997) on iron-srnelting slag indicated that additions of organic matter 

improved the water holding capacity ofthe coarse substrate providing more plant 

available water. 

The ability of the Coppet ClEslag to hdd plant available water was irnproved as 

the application thickness of each amendment was increased. These findings are 

similar to those for iron slag reporteci by Smith et al. (1997). The additions of the 

amendment materials increased the moisture retention of the slag because of the 

improved proportion of the coarse to fine material (Ahuja et al., 1998), and as a 

result of the increased orgmic matter supplied by the amendments (Slick and 

Curtis, 1985). Fine material added to a coarse substrate fills in the large pore 

spaces helping to form micropores that hold the majority of the plant available 

water (Hill and James, 1995). The addition of the organic matter also helps to 

increase the amount of moi- held in the soi1 because of its benefit in fonning 

soi1 pores and its ability to hold many times its weight in misture (Brady, 1990). 

in spite of the efforts made to mix the Espanola paper sludge and clay thoroughly 

prior to application, it is quite possible that the distribution of the clay wes not 

homogeneous throughout the sample material. This heterogeneous distribution led 

to the variable moisture release curves ttiat were produced in the laboratory in the 

pressure plate study. 



Statistical analysis of the pressure plate r d t s  indicated that there was no 

significant différence between the matric potentials of Espanola papa sludge, 

deinking paper sludge and Espanola paper sludgefclay, but the peat and blast 

h a c e  slag was placed in its own group because of its high organic matter 

content, The organic content of the partially decomposed peat has the ability to 

hold 12-20 times its dry weight in moisture (Brady, 1990). 

7.3.5 Conclusion 

Statistical analysis of the desorption curves supported die hypothesis that as the 

amendment application thickness was increased, the amount of plant avai lable 

water was also increased. This increase in plant available water was a result of an 

improved grain size distribution and greater forces of adhesion. 

The amendment that best altered the matric potential of the slag, fiom that of the 

unarnended slag, was the combination of peat and blast h a c e  slag. When the 

thickest amendment applications were compared, the amendments that included 

the paper sludge materials produceci substrates with similar maûic potentials. To 

obtain a maximum level of plant available moisture the minimum application rate 

should produce a thickness no iess than 7.5 cm. 



8. Gtncral Discussion and Conclusions 

An initial investigation of the Coniston slag indicated that the main difference 

between the slag substrate of the Coniston slag and the Copper Cliff slag was the 

presence of a fine material. The fine material was found to be a sandy loam, 

having the same texture as the glacial lake sediments surroundhg the Coniston 

slag pile (Walker, 1997). This similarity in grain size indicated that the matenenal 

was likely deposited as eroded material by wind and water. 

The applications of agricultural grade limestone and the presence of the fine 

rnaterial addressed the limiting factors towards plant growth. This allowed stress 

tolerant species to become established on the Coniston slag leading to the 

conclusion that fine material had to be added to the Copper Cliff slag to allow the 

slag to support vegetation growth. 

Observations of the Coniston slag pertaining to the types of vegetation and the 

presence of a fine material indicated that the main constraint against establishing a 

vegetation cover on the slag was water retention. The first two field studies, 

constructed at Copper CIE, were designed to test the hypothesis that the addition 

of fine material to the slag was required to establish a vegetation cover. 

Throughout the duration of each field study there was a drought period. During 

each drought period most of the vegetation died, The indication is that the main 

limitation to plant growth was insufncient plant-available water. 



The ability of the amendments to support vegetation was tested under controlled 

greenhouse conditions where a steady watering and fertilizing regime was 

implemented (Section 4.2). Under these conditions it was easy to determine which 

amendments worked best by simply harvesting the shoot biomass. The biomass 

harvests indicated that the same amendments produced the most vegetation in both 

greenhouse studies. The amendments that performed the best in both studies were 

Espanola paper sludge, deinking paper sludge, Espanola paper sludge/clay, and 

peaüblast fiunace slag. 

The results fiom the second field study (1 998) and the second greenhouse study 

(1998) were combined to produce a performance index, indicating how the 

amendments performed in both the field and the greenhouse. The combined 

results also indicated that Espanola paper sludge,. deinking papa sludge, Espanola 

papa sludge/clay and peatiblast fiimace slag were the amendments that would 

perform best under laboratory and actual field conditions. 

Water is essential for plant growth, and was detemined to be a limiting tàctor 

under the field conditions on the Copper Cliff slag. The ability of a substrate to 

hold moisture hinges on its fine to coarse ratio and its organic content (Li and 

Daniels, 1997). A third field study was designed to investigate the effects of 

altering the grain size ratio and the organic matter content by the addition of 



amendments. The alteration of these physical characteristics was investigated by 

increasing the application rates of the top four amendments; namely; h m  2.5 cm 

to 5 cm and 7.5 cm, and incorporating them into the top 1 O cm of the plot surîàce. 

Substrate samples were taken fiom the third field study over a five day p e r d  to 

determine whether the increased amendment application rates affecteci the water 

holding capacity of the slag. Variable environmental conditions and possibly 

heterogeneous amendment mixtures resulted in uneven drying of the field plots. 

The variance of the resulting gravimetric water data was too large to permit 

normalization of the data and no significant difference was found between the 

water holding capacities of the increased application rates for each amendment. 

When the data were plotted, a visual difference behveen the moisture contents of 

the increased application rates was noticed. This trend was supported by the 

percent cover data that indicated vegetation would not become established on a 

plot with less than 7.5 cm of amendment. The results fiom the pressure plate 

study also indicated that there was an increase in the water holding capacity of the 

slag substrate as the amendment application rate was increased. 

in view of the resuits obtained fiom the field and laboratory studies it can be said 

that several amendments best address the pmbbms of moisture retention, nutrient 

availability, suntàce temperature, and metal toxicity on the Copper Cliff slag. 

These amendments include deinking paper sludge, Espanola paper sludge, and the 



combination of Espanola paper sludgefclay. For vegetation to be established on 

the slag and survive drought periods the amendments must be applied at a 

minimum rate of 7.5 cm and incorporated into the surface of the slag followed by 

fertilizer application. To improve the initial species composition on the slag a 

seed mix other than the conventional Inco Limited seed mix should be used. 

Species more suited to the environmental conditions found on the slag, such as 

Crepis tectorum, should be included in the original mix. Overall the results are 

sufficiently promising to recommend the establishment of larger, semi-operational 

field plots. 
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Materiais and Methods Used in Column Study 

The column experiment consisted of the following components: 

12 amendments x 3 replicates = 36 columns 

Leach columns were constructed fiom 2L recyclable plastic (PET) soit drink 

bottles, to help reduce the overall cost of the experiment and limit any interference 

with metal concentrations that PVC piping has been documented to cause 

(Braumberger, 1998). The colurnn assemblies were tested to determine whether 

the plastic would afîect the concentration of Cd, Cu, Pb, Ni and Zn in the leachate. 

Solutions containing 2 ppm concentrations of these metals were placed into extra 

columns and ailowed a residence time of 48 h. After the 48 h period, 50 ml sub- 

sarnples of the metal solutions were analyzed using Atomic Absorption 

Spectrometry to determine whether the original concentrations were afîected. 

To create colwnns wiîh an open top, the bottom ofthe bottles were cut off at their 

widest point. The caps were then replaceci with No. t O rubber stoppers, each of 

which had a hole in it. Disposable plastic pipette tips were cut to 3 cm lengths to 

fit into the hole in the stopper, acting as a tubing connector- A 30 cm section of 7 

mm (ID) laboratory grade flexible tubing, was joined to the connector, and a hose 



clamp was then placed on the tubing to create a drain that could be opened and 

closed when required. 

Plywood stands were constnicted to hold seven columns in a vertical position. The 

stands measured 1 m in length and were raised 15 cm, providing space for the drain 

assembly. A second platform was assembled to allow for the proper positioning of 

500 ml graduated cylinders, which acted as the collection containers for the 

leached solutions. 

The slag used for the leaching column study was sampled fiom several locations at 

the Copper Cliff research site and combined to create an approximation of the 

substrate characteristics found at the site. All of the columns were first loaded 

with equal volumes of the dry slag, and then 2.5 cm of each amendment that was 

used in the second greenhouse study was placed on the surface of the slag. After 

the amendments were added to the columns they were mixed into the top portion 

of the column to simulate field application techniques. 

The contents of the columns were thoroughly wetted using 500 ml of distilleci 

water, and allowed to stand for 15 min before they were draineci into the graduated 

cylinders. The volume of the leachate was recorded periodically to indicate when 

the leachate had stopped draining h m  the columns. When the leachate had 

stopped draining the pH of the collected leachate was taken and the totd volume 



was recordeci. The samples were then filtered using a vacuum filter system to 

remove suspended particles, 50 ml subsamples were obtained h m  the filtrate 

and p l a d  into 50 ml =id wastied Edenmeyer flasks. To fiditate a longer 

storage perd the samples were acidified using nitric acid and then they were 

placed in cold storage before king sent to inco's chemistry laboratory for 

elemental analysis by ICP. The concentration values that were obtained h m  the 

lab were then standardized using the individual leachate volumes that were 

measured using the KHI ml graduated cylinders. 



Anmadix LI 

Mctbods Used to Mix Liquid Nutrient Solution 

To prepare the full strength nutrient solution, 1.0 molar stock solutions of K m ,  

Ca(Nû&, MgS04, and KH2PûJ were used, along with chelated iron and a micro 

nutrient solution. The nutrient solution was mixed by combining 5 ml of KNG, 5 

ml of Cao&,  2 ml of MgSOC 1 ml of K&PQ, 1 ml of FeEDTA and 1 ml of 

the micronutrient solution into 500 ml of distilled water. The nutrient solution was 

then transfert4 into a 1 L beaker and made up to volume using distilled water. 

The chelated iron (FeEDTA) was made by dissolving 16.65 g of diamino-ethane- 

tetra-acetic acid disodium salt (EDTA) in 250 ml of distilled water and dimlving 

12.45 g of ferrous sulphate (FeSOp7Hfl) in 250 ml of distilled water. To 

stabilise these two solutions after mixing it was necessary to aerate the 

combination ovemight. To do this a small pipette was placed in the beaker and 

connected to the Iaboratory's air jet using a piece of flexible tubing. The 

micronutrient solution was made by combining 2.86 g of br ic  acid (Hmb 1.8 1 

g of manganese chloride (MnC124H20), 0.10 g of zinc sulphate (ZnSO&O), 

0.05 g of copper chloride (CuClp2Hfl) and 0.02 g of molybdic acid 

(H2MoûpH20) with 1 L ofdistillecl water. To reduce deterimation ofthe 

complete nuûient solution and micronutrient solution, these were stored in the 



Amendix III 

First Field Study (1997) 



Secood Field Study (1998) 

BLOCK 5 BLOCK 4 

mm LEjGEiiD 
CO =cocitrd 
DP = deinking papr slurry 
PRP = peat and rock phosphate 
EC = bpimola papr slurry and 

clay 
ST = suiphurtailibgs 
W chips 
PB1 =peatandlow 

psramagnetic wt 
EP =Gpanoîapeprslwy 
GT =goid tnilings 
W ' = pat and Mut lumaœ 

RP =irrkphorphaie 



Tbird Field Study (1999) 

DP = deinking ppcr slurry 
EC =Qpsndap~prduyand 

clay 
EP =Espndapprrluny 
m =pc?Land#~trr~iuce 

.noce- the numkr fdlowing 
amendmait dar ro 
thickms of amendmera 
L=2,5an 
kscm 



Sudbury Seed Mix 

Sudbury seed mix contains 15% Pou cantpress~, 15% Pm pratensis, 20% PhIeum 
prateme, 1 û?/o Agmtis grganteu, 15% Festuca d m ,  100/o TnyoIiwn hybridwn 
and 15% Lotus conticuIaltl~. 

Inco Limitecl Scrd Mix 

Inco Ltd seed mix contains 309/o Festuca rubra, 2% Trifoiium hybridum, 20% Pm 
compressa, 20% hiium mdhfl0~111,5% Fesiuca rubra var. cornmutata, 20% h a  
pratensis, 3% Agrostis gigmtecr. 



A ~ ~ t n d i x  MI 

Amendment Codes for Preliminary Field and Greenhouse Studics 

Amtndmtnts Amendment Codes 
Espanola Paper Sludge EP 
Clay CL 
Deinking Paper Sludge DP 
Espanola Paper Sludge and Clay EC 
Wood Chips W 
Sand SA 
C m e  Chipped Basalt PB 1 
Peat and Blast Furnace Slag PB 
Peat PT 
Peat and Acetylene Waste PA 
Rock Phosphate RP 
Gold Tailings GT 
Hom Manure M 
Fine Chipped Basalt B2 
Control CO 
Straw ST 
Brewery Waste BY 
Granulated Slag GS 



Amendment Codes for the Sccond Field and Greenhouse Studies and tbt 
Tbird Field Study 

Amendments Amendment Codes 
Control CO 
Deinking Paper Sludge DP 
Espanola Paper Sludge and Clay EC 
Espanola Paper Sludge EP 
Composteci Wood Chips W 
Rock Phosphate RP 
Sulphide Tailings ST 
Peat and Coarse Chipped Basalt PB1 
Peat and Rock Phosphate PRP 
Peat and Blast Fwnace Slag PB 
N-Viro Soi1 and Sulphide Tailings NST 
Gold Tailinpls GT 



Rainfall Data for tbc Gmwing Seasons of 1997,1998, and 1999 Stated in mm. 

Montbs . -. . Normals .-----.--.--- 1997 1998 ---. 1999 ----- 
April 63.2 54.9 55.3 23.3 
May 71.1 69.8 77.6 77.7 
June 84.1 6 1.7 78.6 122.1 
July 71.3 102.9 30.1 106.0 
August 168.2 168.2 51.3 98.1 
Septcm ber 103.5 103.5 142.0 130.2 



Apoendix X 

Quick Reference for Amendment Codes (Fold Out) 



Ameadrnent codes for Preiiminay Field and Greenbouse 
Studies 

B2 Fine Chipped Basalt 
BY Brewery Waste 
CL Clay 
CO Control 
DP Deinking Paper Sludge 
EP EspanotaPaperSludge 
GS Granulated Slag 
GT Gold Tailings 
M Horse Manure 
PT Pea t 
RP Rock Phosphate 
SA Sand 
ST Straw 
W Wood Chips 
EC Espanola Paper Sludge and Clay 
PA Peat and Acetylene Waste 
PB Peat and Blast Fumace Shg 

Amendment Codes for the Second Field and Greenbouse Studies 
and the Tbird Field Sîudy 

Codes Amcadments ._ _ _ -- * ._  ----. . -.-. - - - - . 

CO Conirol 
DP Deinking Paper Sludge 
EP Espanola Paper Sludgc 
GT Gold Tailings 
RP Rock Phosphate 
ST Sulphide Tailings 
W Composted Wcxxi Chips 
EC Espanola Paper Sludge and Clay 
PB Pa& and Blast Furnace Slag 
Pi3 I Peat and Coarse Chipped Basalt 
PRP Peat and Rock Phosphate 
NST N-Viro Soi1 and-Sulphide Tailings 



Raw Exocrimtntal Data 



Coniston Grain Size Analysis 

Oraln Size Range (mm) 
61 
1-3 
3-7 
7-1 0 
10-1 3 
13-23 
23-36 

Oraln Slze Range (mm) 
1 

1-3 
3-7 
7-1 O 
16-13 
13-23 
23-36 

Plot 1 
2 
4 
2 
2 

2.3 
2.6 

1 1 ,26 

Plot 10 
8 
2 
O 
2 
1 

0.6 
13.66 

Plot 2 
6 
2 
2 
2 

2.3 
1 .Q 

14.26 

Plot 11 
4 
4 
2 
O 
2 

0.6 
9.10 

Plot 3 
O 
4 
2 
O 

O. 3 
0.7 

15.16 

Plot 12 
2 
4 
2 
O 
1 
1 

14.16 

Plot 4 
8 
4 
2 
O 

2.3 
0.6 

11.26 

Plot 13 
4 
4 
2 
O 
2 

2.6 
12.76 

Plot S 
4 
4 
O 
O 

2.3 
0.6 

1 1 .26 

Plot 14 
4 
6 
2 
1 
1 

1.6 
8.16 

Plot 6 Plot 7 
2 3 
2 4 
2 1 
O 1 

2.3 O. 3 
2.6 0.63 

11.26 9.28 

Plot 15 
2.5 
5.5 
O 
2 

2.3 
0.6 
7.16 

Average 
7.14 
0.74 
0.94 
0.47 
0.93 
2.07 

2.û66667 

Plot 8 Plot 9 
2 4 
4 3 
2 1 
O 2 
2 O 

0.6 1.1 
9.23 14.16 

S.E. 
O, 56 
0.22 
O. 27 
0.25 
0,19 
0.23 
0.62 



Total Percent Covrr For Pmliminary Field Study 

Annndmrnb 
Espanola Paper Sludge 
Clay 
Deinking Paper Sludge 
Espanola Paper Sludge and Clay 
Wood Chips 
Sand 
Coarse Chipped Basalt 
Peat and Blast Fumrrce Slag 
Peat 
Rock Phosphate 
Peat end Aœtylene Waste 
Gold Tailings 
H o m  Manute 
Fine Chipped Basalt 
Contml 
Strw 
Brewery Waste 
Granulated Slag 



FDP 
B2 

FST 
FCO 
CO 
CL 
PT 
ST 
W 

FPT 
FBY 
DP 
81 
EP 

FGT 
PA 

FRP 
FW 
FEP 
GS 

FGS 
M 
BY 
FCL 
GT 
FEC 
FPB 
FM 
FSA 
F62 
SA 
FB1 
FPA 
PB 
RP 
EC 

Biornirs Hawests For Pnlkn~fy Gmnhouw Study 



FDP 
B2 
FST 
F m  
CO 
CL 
PT 
ST 
W 

FPT 
FBY 
OP 
81 
EP 

FGT 
PA 

FRC 
FW 
FEP 
OS 
FGS 

M 
BY 
FCL 
GT 
FEC 
FPB 
FM 
FSA 
FE2 
SA 
FB1 
FPA 
PB 
RP 
EC 

Biomirr Hantests For Pmlirnirury G m h o u w  Stuây 

Hinmt 1 H a m 2  H a m 1 3  H i m t  4 Root 



FDP 
62 
FST 
F W  
CO 
CL 
PT 
ST 
W 

FPT 
FBY 
DP 
Bi 
EP 

FGT 
PA 
FRP 
FW 
FEP 
GS 
FGS 
M 
BY 
FCL 
GT 
FEC 
FPB 
FM 
FSA 
FB2 
SA 
FB1 
FPA 
PB 
RP 
EC 



OP 
GT 
W 
CO 
RP 
PRP 
EC 
ST 
EP 
PB 
PB1 
NST 
OP 
GT 
W 
CO 
RP 
PRP 
EC 
ST 
EP 
PB 
PB1 
NSt 
DP 
GT 
W 
CO 
RP 
PRP 
EC 
sr 
EP 
PB 
PB1 
NST 
DO 
GT 
W 



CO 
RP 
PRP 
EC 
ST 
EP 
PB 
PB1 
NST 
OP 
GT 
W 
CO 
RP 
PRP 
EC 
ST 
EP 
PB 
PB1 
NST 

H a m  1 H m 2  Hamrt  3 Hanmt 4 Total Shoot 



Shoot Elrmntrl Content (ugig dry Wght) 



PRP 
PRP 
PRP 
PRP 
PRP 
PB 
PB 
PB 
PB 
PB 

NST 
NST 
NST 
NST 
NST 

Shoot Elamontal Contant (uglg dry wdght) 



Shoot Uementrl Conîent (uQlg dry wight) 



Shoot Elmental Cmîmt (&@g dry wright) 

PRP 
PRP 
PRP 
PRP 
PRP 
PB 
PB 
PB 
PB 
PB 
NST 
NST 
NST 
NST 
NST 



CO 
CO 
CO 
OP 
DP 
DP 
EP 
EP 
EP 
$1 
ST 
ST 
W 
W 
W 
GT 
GT 
GT 
RP 
RP 
RP 
EC 
EC 
EC 
PB1 
PB1 
PB1 
PRP 
PRP 
PRP 
PB 
PB 
PB 
NST 
NST 
NST 



CO 
CO 
CO 
DP 
DP 
DP 
EP 
EP 
EP 
ST 
ST 
ST 
W 
W 
W 
GT 
GT 
GT 
RP 
RP 
RP 
EC 
EC 
EC 
PB1 
PB1 
PB1 
PRP 
PRP 
PRP 
PB 
PB 
PB 
NST 
NSt 
NST 



CO 
CO 
CO 
DP 
DP 
DP 
EP 
EP 
EP 
sr 
ST 
ST 
W 
W 
W 
GT 
GT 
GT 
RP 
RP 
RP 
EC 
EC 
EC 
PB1 
PB1 
PB1 
PRP 
PRP 
PRP 
PB 
PB 
PB 

NST 
NST 
NST 



CO 
CO 
CO 
DP 
DP 
DP 
EP 
EP 
EP 
ST 
sr 
sr 
W 
W 
W 
GT 
GT 
GT 
RP 
RP 
RP 
EC 
EC 
EC 
PB1 
w1 
PB1 
PRP 
QRQ 
PRP 
PB 
PB 
PB 

NST 
NST 
NST 



CO1 
CO2 
Co3 
DP1 
DP2 
OP3 
EC1 
EC2 
EC3 
EPI 
EP2 
EP3 
PB1 
PB2 
PB3 
CO1 - 
CO2 
Co3 
D M  
DP2 
OP3 
EC1 
Ec2 
ECJ 
EP1 
EP2 
EP3 
PB1 
PB2 
Fm 
CO1 
CO2 
Co3 
091 
DP2 
DP3 
€Cl 
EC2 
Ec3 
€Pi 
EPZ 
EP3 
PB1 
PB2 
Fa3 





1.SMPa 

EP 2.km 
EP 2.km 
EP 25cm 
EP 2- 
EP k m  
EP k m  
EP Sem 
EP k m  
EP h m  
EP h m  

EP 7.km 
EP 7.5cm 
EP 7.km 
EP 7.5cm 
EP 7.Scm 
EP 7.5cm 
PB 2 k m  
PB 2scm 
PB 2 k m  
PB 2Scm 
PB 2.km 
PB 25cm 
PB k m  
PB Sun 
PB Scm 
PB !km 
PB k m  
PB k m  

PB 7.5cm 
PB 7.5cm 
PB 7.km 
PB 7.5cm 
PB 7 . h  
PB 7 . h  
DP 2 k m  
DP 2 k m  
ûP 2 k m  
OP 2.m 
DP2km 
ûP 25cm 
DP k m  
DP k m  
OP Sem 
DPkm 
ûP h m  
DP k m  

DP 7.Scm 

QWPa 

EP 7.5cm 
PB 2.- 
PB 28un 
PB 2.- 
PB 25cm 
PB 2 h m  
PB 6cm 
PB k m  
P B h  
PB h m  
PB h m  
PB Sem 

PB 7.5cm 
PB 7.5cm 
PB ?.km 
PB ?.km 
PB ?.km 
PB 7.ocm 
w2km 
DP25cnl 
OP 25cm 
DP 2scm 
DP 2Scm 
DP1Locn 
DP h n  
DP h m  
DP k m  
DPSm 
DPocm 
ûP h m  

DP 7.hnb 
DP 7.6om 
OP 7 . h  
097.8Cm 
DP7.8cm 
DP 7.hnb 





0.4Mh 

EC 2.km 
EC 2.km 
EC 26cm 
EC zscm 
EC 2.5cm 
EC 2.Scm 
EC k m  
EC Sem 
EC Scm 
EC k m  
EC k m  
EC k m  

EC 7.km 
EC 7.km 
EC 7.5cm 
EC 7.5cm 
EC 7.km 
EC 7.km 

CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
Co 
CO 

EP 25cm 
EP h k m  
EP 25cm 
EP- 
EP 2Scm 
EP 26cm 
EP &m 
EPbcm 
EP bcm 
EP bcm 
EP 8cm 
EP &m 

EP 7.km 
EP7mn 
EP 7.Scm 
EP 7.km 
EP ?.km 

P n u u n  Plate Chta (%) 
0.1MPa 

EC 2.km 
EC 2.5cm 
EC 2 k m  
Ec25Gm 
EC 25cm 
EC 2 k m  
EC k m  
EC bcm 
ECkm 
EC k m  
EC k m  
EC bcm 

EC 7.km 
EC 7 . h  
EC 7.km 
EC 7.km 
EC 7.km 
EC 7.km 

CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 

EP Pbtm 
EP 2scm 
EP 2 h  
EP 2.- 
EP 2scm 
EP 26cm 
EP km 
EP 5cm 
EP h 
EPkm 
EPscnl 
EP 8cm 

EP 7.km 
EP 7 . h  



U P a  

EP 7.&m 
PB 2 k m  
PB 2Jcm 
PB 2.km 
PB 2.ûcm 
PB 2 k m  
PB 2 k m  
PB 
?B&m 
PBotm 
PB h m  
PB k m  
PB k m  

PB ?.Sem 
PB 7 . m  
PB 7.m 
P8 7.km 
PB 7.- 
PB 7.- 
OP ?.km 
09 2.km 
De 2.sm 
DP2h 
wzsan 
DP 2 . h  
OP Scm 
OP Scm 
DP k m  
Wbcm 
Wscm 
DP Sam 

DP 7.6cm 
DP ?.km 
DP 7.5m 
DP 7 . h  
DP 7.6cm 
DP 7.km 



0.33MPi 

EC 2&m 
EC2km 
EC 25cm 
EC 2- 
EC 2 k m  
EC 2 k m  
EC 2 k m  
EC 2üut1 
EC 2 k m  
EC 5cm 
EC k m  
EC ocni 
EC rn 
EC ocni 
EC k m  
EC 5cm 
EC k m  
EC k m  
H: ?.hm 
Ec 7.5un 
N: 7.sm 
EC 7.km 
Ec 7.ocm 
Ec 7.5cm 

CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 
CO 

EP2hm 
EP 2 h l  
EP25un 
EP26cm 
EP2ocm 
EP Scm 
EP Scm 
EP k m  








