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ABSTRACT 

A greenhouse screening trial was conducted to identify 

plant species useful in revegetation of !NCO copper-nickel 

tailing. Study objectives were to evaluate species growth and 

development in response to fertilization and to assess the 

accumulation of heavy metals in vegetation grown in tailing. 

With few exceptions, the physical and chemical charateristics 

of the tailing were found to lie within the range of 

properties of Minnesota soils. The tailing lacks organic 

matter; is deficient in nitrogen, phosphorus, and potassium; 

and may contain elevated levels of soluble salts and heavy 

metals. A fertilizer treatment was formulated to supply 

adequate to optimal quantities of essential plant nutrients. 

Three fertilizer treatments providing 50, 100, 150 percent of 

the optimal rate were tested in the trial. Nine woody tree 

and shrub species and 23 herbaceous grass and legume species 

demonstrated an ability to tolerate copper-nickel tailing as a 

growing medium. Plant response to tailing fertilization was 

favorable with peak biomass production generally achieved at 

the highest fertilization rate. However, caution is advised 

in applying excessive fertilizer to fresh tailing in that this 

practice may antagonize plant toxicities to soluble salts or 

heavy metals. Concentration of heavy metals were generally 

below suggested tolerance levels for plants and animal forage. 

Legumes tended to accumulate higher concentrations of copper 

and nickel, and metal uptake of most plants was positively 

correlated with the rate of fertilization. 
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INTRODUCTION 

Recent discoveries of copper-nickel and copper-zinc 

deposits in Minnesota and Wisconsin have increased prospects 

of copper mining in the Upper Midwest. The production of 

metallic mineral concentrate produces a major mine mill waste 

called tailing. Up to 98 percent of the ore processed will be 

mineral waste that may be discharged as mill tailing to 

surface impoundments. Accumulation of such waste often 

detracts from the appearance of the landscape and presents 

environmental problems due to water erosion, wind lift-off, 

and natural leaching. Such processes can result in 

sedimentation of surface waters, production of fugitive dust, 

and contamination of ground waters. Further, without 

rehabilitation, lands developed as tailing waste disposal 

sites are likely to be unusable for other purposes. 

The establishment of a permanent, self-maintaining 

vegetative cover on mill tailing can mitigate many of the 

problems associated with the waste. Potential benefits of a 

vigorous growth of vegetation include: 

* stabilization of erodible surfaces to m1n1m1ze 
stream sedimentation and fugitive dust, 

* maximization of evapotranspiration to reduce 
tailing water movement and contamination of 
ground waters, 

* reduced oxidation of existing sulfide minerals; 

* facilitation of post-mining crop production or 
other socially acceptable land use, and 

* visual enhancement of the post-mining landscape 
(Williams, 1975). 



While the use of vegetation for copper-nickel tailing 

rehabilitation promises several benefits, the technology is 

not well developed, nor is it without potential problems. 

Plant species suitable for the revegetation of copper-nickel 

tailing in the Upper Midwest have not been identified. 

Similarly, soil management techniques for implementing the 

revegetation process have not been developed. The utility of 

vegetation cover in reducing the liberation of toxic elements 

to the environment has not been demonstrated and the potential 

accumulation of toxic elements in plant tissues likely to be 

ingested by wildlife or domestic animals has not been 

assessed. 

In 1980, the Bureau of Mines initiated a field and 

greenhouse study with Barr Engineering Co., Minneapolis, 

Minnesota and the University of Wisconsin - Stevens Point to 

evaluate the problems and benefits of using vegetation to 

stabilize tailing from a potential Minnesota copper-nickel 

milling operation. The major objective of the combined study 

was to develop a feasible method for revegetating the tailing. 

The intent of this greenhouse study was to confirm and 

expand upon the results of earlier vegetation screening trials 

on copper-nickel tailing. Emphasis was placed on evaluation 

of the growth and development of herbaceous species. A 

secondary objective was to evaluate the effect of fertilizer 

on plant growth and the uptake of heavy metals in plants grown 

in copper-nickel tailing. 
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LITERATURE REVIEW 

Accomplishment of revegetation goals is in part dependent 

upon the plant species chosen and cultural techniques 

employed. Although vegetation is a preferred method of waste 

stabilization, the amount of published information directly 

related to the subject is limited. Species selected based 

upon waste characterization and environmental constraints 

further limits the number of applicable vegetation studies. 

The following review describes: 

* Revegetation potential of copper-nickel tailings 
produced from future milling operations in 
northeastern Minnesota; 

* Research conducted with mill tailing, species 
selected, cultural techniques, and overall perfor
mance with respect to revegetation objectives; and 

* Metallic mill tailing characteristics and the 
effect upon plant growth and development. 

It is noted that literature is available pertaining to 

the reclamation of many differing metallic and non-metallic 

mining wastes (Richardson and Pratt, 1980; Marshall, 1980). 

However, the intent of this review is to narrow the available 

data base to those studies conducted in the Upper Midwest and 

central Ontario, Canada due to similarities in mining waste, 

climate, and native vegetation and to studies utilizing 

comparable waste and regionally adaptable plant species. 

Mention must also be made of the voluminous literature 

concerning the reclamation of surface coal spoils. Many of 

the revegetation techniques used today originated in the early 
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reclamation of these wastes. As it is beyond the scope of 

this review, readers are directed to several valuable 

bibliographies on the subject: Limstrom, 1953; Funk, 1962; 

Frawley, 1971; Kieffer, 1972; Munn, 1973; Czapowskyj, 1976; 

and Follett, 1980. 

Revegetation Research in the Upper Midwest 

Copper-nickel mining is not yet a reality in northern 

Minnesota. However, recent discoveries of copper-nickel 

resources, mineral leasing by State and Federal agencies, and 

the exploration activities of the mining industry herald the 

potential development of a copper-nickel mining industry in 

the Upper Midwest. Development of this industry is in part 

dependent upon the development of factual evidence that mining 

and milling of copper-nickel resources can take place in an 

environmentally acceptable manner. Numerous studies of the 

potential environmental impacts of copper-nickel mining have 

been conducted. Perhaps the most comprehensive study was the 

three-year five million dollar regional copper-nickel study 

directed by the Minnesota Environmental Quality Board (MEQB, 

1979). The general objectives of this study were to: 

* develop a characterization of Minnesota's mining 
region as it presently exists, in the absence of 
any copper-nickel development; 

* determine the potential that different levels of 
copper-nickel development have for altering the 
environment of the mining region; and 

* assess the potential impacts of copper-nickel mining 
in northeastern Minnesota. 
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Regardless of the method of m1ning. mill tailing was 

identified as a major waste product of copper-nickel 

development. Projections of five alternative mine models 

estimated that disposal of this waste in a surface impoundment 

would require between 400 and 2,400 ha (MEQB, 1979). 

Potential environmental impacts associated with these 

impoundments include: land use changes, production of 

fugitive dust, leaching of heavy metals, and release of 

potentially hazardous mineral fibers (MEQB, 1979). Due to a 

lack of research data, two key questions regarding the 

potential impacts of tailing disposal were largely unresolved. 

Briefly, these questions can be stated as follows: 

1. What will be the suitability of copper-nickel 
tailing for supporting plant growth? and 

2. What will be the quality of runoff and drainage 
from copper-nickel tailing? 

With regard to the first question, seven environmental 

conditions were identified by the Minnesota Environmental 

Qality Board (1979) as adversely affecting the revegetation of 

copper-nickel tailing: draughtiness, poor drainage, lack of 

nutrients, heavy metals, physically unreceptive surfaces, heat 

stress and wind erosion of particulates. There was 

considerable uncertainty regarding the potential phytotoxicity 

of heavy metals. Analysis of pilot plant tailing samples 

suggested that the possibility of toxicities caused by heavy 

metals was minimal (MEQB, 1979). However, seed germination 

studies emphasized the potential for heavy metal toxicity in 

that root elongation of native plants was found to be reduced 
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by elevated levels of copper, nickel, and cobalt (Olson 1978). 

Similar results were obtained when seeds were germinated in 

copper-nickel tailing. Other germination tests suggested that 

the addition of mineral and organic soil to the tailing might 

be a useful means of ameliorating metal toxicity problems 

(MEQB, 1979). Further studies of the suitability of 

copper-nickel tailing for plant growth were ultimately 

recommended in the Regional Study (MEQB, 1979). 

With regard to the second question the Minnesota 

Environmental Quality Board (1979) expressed concern regarding 

the quality of tailing seepage and runoff. Concern was 

primarily related to the potential long-term impacts of heavy 

metal contamination on aquatic organisms. The combined 

effects of copper, nickel, zinc, and cobalt in a tailing 

discharge were predicted to possibly cause chronic effects on 

the aquatic ecosystem. Due to a lack of research regarding 

tailing water quality, the unknowns involving tailing 

discharges were considered to be greater than those associated 

with waste rock piles, and this was thought to create a 

significant risk involving copper-nickel water management 

decisions. In addition, insufficient information was 

available to allow a precise statement regijfding the 

effectiveness of reclamation practices in mitigating water 

quality problems. Revegetation was suggested as a possible 

means of diminishing the leaching of heavy metals from mining 

waste. However, concerns were raised that seasonal wetting 

and drying cycles caused by photosynthetic activity or the 

biological production of organic acids could enhance leaching. 
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Additional research to develop more accurate predictions about 

effluent quality and the effectiveness of various control 

measures was also recommended in the Regional Copper-Nickel 

Study (MEQB, 1979). 

Borovsky et al., (1979) conducted a greenhouse screening 

trial to evaluate the ability of various woody and herbaceous 

plant species to tolerate copper-nickel tailings as a rooting 

medium. Tailing analyses prior to the study indicated 

deficient levels of essential plant nutrients, particularly 

nitrogen and phosphorus. Tailing fertilization was shown to 

be a significant factor influencing root and shoot 

development. Specific fertilizer recommendations were not 

cited due to study duration and the complexity of individual 

species requirements. Of the 19 woody species tested red 

pine, black locust, jack pine, Japanese larch, Norway spruce, 

and Siberian peashrub were recommended for further study. Of 

the 16 herbaceous species tested quackgrass, smooth 

bromegrass, red fescue, timothy, meadow fescue, Kentucky 

bluegrass, and reed canarygrass were recommended for future 

consideration. See Table 2, page 17 for scientific names. 

Development of a surface crust inhibited the successful 

establishment of selected legume species. Recommendations 

concerning those species were withheld until the problem was 

more clearly understood (Borovsky et al., 1979). 

Favorable results were gained from the AMAX copper-nickel 

tailing revegetation study conducted in northeastern Minnesota 

(Borovsky, et al., 1983). Three seed mixtures were developed 
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and tested as part of the study. Seed mixture 1 was developed 

for moist soil conditions and contained annual ryegrass, 

meadow fescue, smooth bromegrass, Kentucky bluegrass, creeping 

red fescue and Ranger alfalfa. Seed mixture 2 was developed 

for wet, poorly drained soils and consisted of quackgrass 

meadow fescue, reed canarygrass, redtop, and birdsfoot 

trefoil. Seed mixture 3 was developed for dry, excessively 

drained soils and contained Larker barley, Ranger alfalfa, 

creeping red fescue, quackgrass and smooth bromegrass (please 

refer to Table 2, page 17 for scientific names of the 

aforementioned plants). All mixtures performed well in the 

field study, and provided an average of more than 70% aerial 

cover in the third growing season. 

Direct fertilization, peat incorporation with 

fertilization, and incorporation of fertilized topsoil showed 

promise as potential cultural treatments. Peat incorporation 

and subsequent establishment of vegetation resulted in lower 

drainage volume during the first growing season (Borovsky, et 

al., 1983). 

Studies dealing specifically with the revegetation 

potential of copper-nickel tailing from Minnesota are limited 

to those conducted by MEQB, 1979, Borovsky et al., 1979, and 

Borovsky et al., 1983. Related revegetation research deals 

primarily with mill waste produced from past and present 

mining operations in the Upper Midwest. This research deals 

with the revegetation of red ore tailing, taconite tailing, 

and copper stamp sands. Discussion of this work follows. 
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Revegetation of iron ore tailing has involved the use of 

several cultural techniques. Lack of essential plant 

nutrients necessitated the development of fertilizer 

amendments and application rates to correct deficiences. 

Surface mulches were employed to improve moisture retention in 

coarse textured areas, and to provide temporary stability to 

prevent sandblasting and subsequent seedling burial by wind 

erosion (Duffek, 1969; Jones, 1972; Shetron et al., 1977). 

With appropriate treatments, revegetation has been 

successfully demonstrated. Favorable yields were obtained 

from alfalfa-brome plots which received fertilizer and sawdust 

mulch (Duffek, 1969). Chosa and Shetron (1976) have 

demonstrated the utility of willow cuttings to vegetate wet 

areas within red ore basins. 

Successful revegetation of iron ore and taconite tailings 

has resulted in the development of appropriate technology and 

identification of plant species adapted to each respective 

waste. Table 1 lists several seed mixtures originally 

developed for stabilization of other materials. 

Revegetation of reclaimed copper stamp sands has not 

achieved the high level of success normally associated with 

similar efforts on iron ore tailing. Vegetative failure has 

been attributed to adverse environmental conditions, nutrient 

deficiencies, and potential copper toxicity inherent to the 

waste deposit (Dean and Erbisch, 1978; Prather, 1973; Shetron 

and Ritter, 1973). 

Of 30 herbaceous species tested by Prather (1973), only 
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TABLE 1 - Seed mixtures potentially useful in copper
nickel tailing revegetation 1 

Coarse taconite tailing 2 

Species 
Intermediate wheatgrass 
Smooth bromegrass 
Perennial ryegrass 
Alfalfa 
Sweet clover 

Total 

Smooth bromegrass 
Redtop 
Perennial ryegrass 
Alfalfa 
Empire birdsfoot trefoil 

Total 

Surface overburden 2 

Species 

Red fescue 
Smooth bromegrass 
Sweet clover 
Timothy 
Perennial ryegrass 

Tota 1 

Red fescue 
Smooth bromegrass 
Sweet clover 
Empire birdsfoot trefoil 
White Dutch clover 

Total 

Temporary stabilization 2 

Species 
Barley (alone) 
Mil let (alone) 

kg/ha 

17 
11 
6 
9 
9 

52 

22 
6 
6 
6 

11 
sf 

_kg/ha 

11 
6 

17 
6 
9 

49 

11 
17 
6 

11 
6 

5T 

kg/ha 

84 
34 

Iron ore tailing 2 

Species 

Fescue 
Smooth brome 
Redtop 
Reed canarygrass 
Sweet clover (yellow) 
Alfalfa 
Barley 

Total 

Highway construction 3 

Species 
Timothy 
Smooth bromegrass 
Perennial ryegrass 
Empire birdsfoot trefoil 

Total 

Alfalfa 
Empire birdsfoot trefoil 
Timothy 
Redtop 
Swi tchgra ss 
Smooth bromegrass 
Perennial ryegrass 

Total 

Perennial ryegrass 
Vetch 
Red clover 

Total 

1 Each mixture is categorized according to its current use. 

kg/ha 

11 
11 
11 
11 
6 
6 

108 
164 

kg/ha 
9 

17 
11 

3 
40 

16 
3 
4 
3 
6 
9 
9 

50 

11 
15 
8 

34 

2 U.S. Fish and Wildlife Service. 1980. Enhancement of fish and wildlife 
resources in the reclamation of hard rock mined areas in the Upper Midwest 
FWS/0BS-80/64. 124 p. 

3 Minnesota Department of Transportation. 1983. Standard Specifications for 
Construction. State of Minnesota, St. Paul, Minn. 829 p. 
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alfalfa exhibited some degree of tolerance and growth, but 

only when planted in conjunction with adequate fertilization 

and chemical surface binding agents. In the absence of 

surface stability, planted seeds were quickly exposed or 

buried beyond the depth of emergence capability. 

Recommendations centered on the need for temporary surface 

stabilization, either chemical or physical, as a prerequisite 

for adequate seedling emergence and survival (Prather, 1973). 

Shetron and Ritter (1973) noted that successful seedling 

emergence did not assure long term growth. Vegetation, 

seemingly established, quickly deteriorated. Potential copper 

toxicity was 

growth and 

concentration 

cited as a possible explanation for poor plant 

development. Although available copper 

was high in the deposit, toxic levels were not 

yet believed to exist. Poor root development of tailing-grown 

alfalfa may be attributed to copper toxicity. In comparison 

to soil-grown alfalfa, root hairs did not develop, which 

reduced the plants' ability to absorb needed water and 

nutrients (Dean and Erbisch, 1978). 

Clark (1976) demonstrated the utility of sewage-sludge as 

a tailings amendment. In comparison to several nitrogen 

fertilizers, sewage-sludge was the only effective means of 

increasing the total nitrogen content of the stamp sands. 

Corollary benefits of sludge incorporation included: (1) 

increased water holding capacity; (2) improved structure; and 

(3) greater cation exchange capacity. In addition, through 

chemical binding, organic matter would render metal ions less 
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available for plant uptake, which reduced the threat of 

potential metal toxicities. 

Revegetation Research in Canada 

Related research in Canada centers upon the Sudbury Basin 

of Ontario. site of one of the world's major deposits of 

copper and nickel ore. Much of the recent information 

pertains to the environmental impact of smelting emissions 

within the region (Hutchinson and Whitby, 1974; Whitby and 

Hutchinson, 1974). 

Twenty years of testing culminated in the development of 

techniques for stabilizing metallic tailing waste with 

vegetation (Peters, 1970). Initial attempts utilizing 

physical and chemical methods were abandoned due to 

unfavorable results and economic constraints. Vegetation 

testing progressed slowly as suitable amendments and plant 

species were selected. Eventual success was attributed to the 

following practices: 

* successional planting beginning as close to the 
windward edge of the deposit as possible 
(this alleviated problems of seedling burial); 

* use of nurse crops to protect initial growth and 
establishment of permanent species; 

* correction of nutrient deficiences and pH adjustment 
with suitable amendments; and 

* planting during periods of optimal moisture and 
temperature to ensure rapid seed germination and 
maximize seedling survival (usually late summer). 

Adapted plant species utilized by Peters (1970) included: 

Canada bluegrass, timothy, red top, Kentucky bluegrass, 
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crested wheatgrass, creeping red fescue. and smooth 

bromegrass. Winter rye was used as a nurse crop. 

refer to Table 2, page 17 for scientific names. 

Please 

Revegetation Research 1n the Southwest United States 

Adverse environmental conditions and wide ranging waste 

characteristics have necessitated the development of 

alternative stabilization techniques (Dean et al., 1969; 

Havens and Dean, 1969; Dean et al., 1974; Shirts et al., 1974; 

Dean and Shirts, 1975; Shirts and Bilbrey,1976). 

Surface binding agents were successfully utilized to 

promote stability on acidic and basic uranium tailings 1n 

Arizona. Physical and vegetative methods failed due to 

adverse costs and climatic conditions respectively. Of the 

chemicals tested, an elastomeric polymer (DCA-7O) and a 

calcium lignosulfonate (Norlig A) were judged superior in 

promoting the formation of indurated crusts resistant to wind 

and water erosion (Havens and Dean, 1969). 

Successful revegetation was achieved when binding agents 

were used (in limited amounts) in conjunction with vegetation 

plantings. Benefits derived from the combination include: 

(1) increased tailing moisture retention; (2) reduced 

sandblasting and seedling burial; (3) enhanced germination; 

(4) organic matter addition; (5) minimized sun scorch due to 

decreased surface reflection; and (6) improved tailing 

structure (Dean et al., 1969). Of the chemicals tested, an 

elastomeric polmer (Coherex) was judged superior in it's 
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ability to provide temporary stability, while allowing 

near-normal water infiltration and seedling emergence. In 

addition, fertilizers were utilized to correct nitrogen and 

phosphorus deficiencies. 

Species showing promise included; crested wheatgrass, 

winter wheat, pubescent wheatgrass, Russian wild rye, 

intermediate wheatgrass, Ranger alfalfa, western wheatgrass, 

Ladak alfalfa, tall wheatgrass, and yellow sweet clover. 

Physical stabilization is the covering of or mixing into 

the surface of the tailing with a wide variety of material to 

minimize the hazards of wind and water erosion {Shirts and 

Bilbrey, 1976). These include irrigation while plants are 

growing, coverings of native rock or soil, or the use of wood 

bark, straw, or excelsior-filled matting. Several offer the 

additional advantage of providing a suitable environment for 

seed germination. 

Beneficial results (with respect to plant growth) were 

obtained when sewage-sludge was incorporated as a physical 

tailings amendment. Injecting sludge below the tailing 

surface as a continuous layer aided the growth of vegetation 

and tended to reduce the oxidation of sulfides and the 

consequent acidification of sulfide-containing tailings (Dean 

et al., 1974). 
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GREENHOUSE STUDY METHODS 

A greenhouse study was initiated in March, 1981, for the 

preliminary screening of selected woody and herbaceous 

vegetation on copper-nickel tailing. A limited quantity of 

tailing was available for study, however one ton was provided 

by International Nickel Co (INCO) from results of pilot plant 

bulk flotation tests of crude ore samples collected at their 

their exploration site near Ely, Minnesota (Figure 1). 

Characterization of Copper-Nickel Tailing 

A discussion of chemical and physical tailing 

characteristics and bedrock mineralogy is presented in 

Appendix A. Tailing analyses and comparison to native 

Minnesota soils was prepared by Dr. David F. Grigal of the 

Soil Science Department, University of Minnesota. Bedrock 

mineralogy and related discussions were prepared by Barr 

Engineering Co. staff geologists. 

Screening Trial Species Selection 

Two types of vegetation were evaluated in the greenhouse 

trial: woody tree and shrub species and herbaceous grass and 

legume species (Tables 2 to 4). Selection was based, in part, 

upon species performance in the previous greenhouse study 

involving AMAX tailing (Borovsky et al., 1979). Many species 

performed favorably and were thereby included for 

re-evaluation in the INCO trial. Additional species were 

chosen due to their proven effectiveness in promoting the 
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FIGURE 1. Location of INCO test site. 
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TABLE 2. - Scientific and corTJTion names of woody and herbaceous 
plants selected for screening on 

copper-nickel tailing 

Woody Species 

Japanese larch 
Red pine 
Jack pine 
Scotch pine 
Colorado blue spruce 
Norway spruce 
Balsam fir 
Black locust 
Siberian peashrub 

Herbaceous Species 

Manker barley 
Annual ryegrass 
Perennial ryegrass 
Japanese mi 11 et 
Creeping red fescue 
Meadow fescue 
Crested wheatgrass 
Intermediate wheatgrass 
Canadian bluegrass 
Western wheatgrass 
Quackgrass 
Smooth bromegrass 
Reed canarygrass· 
Park Kentucky bluegrass 
Red top 
Switch grass 
Potomac orchardgrass 
Blue grama 
Timothy 
Medium red clover 
White Dutch clover 
Alsike clover 
Yellow sweet clover 
White sweet clover 
Empire birdsfoot trefoil 
Ranger alfalfa 
Cicer mil kvetch 

Larix Zeptolepis (Sieb. and Zucc.) Gord. 
Pinus resinosa Ait. 
Pinus banksiana Lamb. 
Pinus sylvestris L. 
Picea pungens Engelm. 
Picea abies (L.) Karst 
Abies balsamea (L.) Mill 
Robinia pseudoacacia L. 
Caragana spp. 

Hordewn vulgare L. 
Loliwn multiflorwn Lam. 
Loliwn perenne L. 
Echinachloa frwnentacea (Roxb.) 
Fes tuca rubra L. 
Festuca elatior L. 
Agropyron desertorwn (Fisch.) Schult. 
Agropyron intermediwn (Host) Beav. 
Poa compressa L. 
Agropyron smithii Rydb. 
Agropyron repens (L.) Beauv. 
Bromus inermis Leyss. 
Phalaris arundinacea L. 
Poa pratensis L. 
Agrostis alba L. 
Panicum virgatwn L. 
Dactylis glomerata L. 
Bouteloua gracilis (H.B.K.) Lag. ex. Steud. 
Phleum pratense L. 
Trifoliwn pratense L. 
Trifoliwn repens L. 
Trifolium hybridum L. 
Meliotus officinalis (L.) Lam. 
Meliotus alba Oesr. 
Lotus corniculatus L. 
Medicago sativa L. 
Astragalus cicer L. 
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TABLE 3 

Species 

Japanese larch 
Red pine 
Jack pine 
Scotch pine 
Colorado blue spruce 
Norway spruce 
Balsam fir 
Black locust 

Siberian peashrub 

Woody plant species potentially useful in 
copper-nickel tailing revegetation 

Plant adaptations1 ' 2 ' 3 

Shade Lower pH 
Type of plant tolerance .. limit 

Tree-conifer I 4.0-4.5 
Tree-conifer I 4 .0-4. 5 
Tree-conifer I 4.0 
Tree-conifer I 4 .06 
Tree-conifer T 5.0 
Tree-conifer T 4.8 
Tree-conifer T 4.0 
Tree-leguminous 

hardwood I 4.0 
Shrub-leguminous 16 4.0 

Mai sture 
tolerance 

w 
MD 
D 
OM 
[) 

M 
MW 

MD 
MD 6 

1U.S. Fish and Wildlife Service. 1980. Enhancement of fish and wildlife 
resources in the reclamation of hard rock mined areas in the Upper Midwest. 
FWS/OBS-80/64. 124 p. 

2 Vogel, W.G. 1981. A guide for revegetating coal minesoils in the 
eastern United States. U.S.D.A. For. Serv. Gen. Tech. Rep. NE-80, 190 p. 
Northeast. For. Exp. Stn., Broomal, PA. 

3Harlow W.M. and E.S. Harrar. 1968. Textbook of Dendrology. McGraw-Hill, 
New York. 512 p. 

~I = intolerant; T = tolerant. 

5 0 = dry soils; M = moist soils; W = wet soils; MD= moderately dry soils; 
MW= moderately wet soils. 

6 Estimated. 
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TABLE 4 Herbaceous plant species recorrvnended for use 
in copper-nickel tailing revegetation 

Plant adaptations' •2 • 3 •• ,s ,s 

Species Life Rate of Lower pH Salinity 
Type of plant span 7 establ ishment 8 I imi t tolerance 9 

Manker barley Grain A R 4.0 H 
Annual ryegra ss Grain A R 5.5 NA 
Perennia 1 ryegrass Bunchgrass p 11 R 5.5 M 
Japanese mi 11 et Grain A R 4.5 NA 
Creeping red fescue Sod-forming grass p R 4.0 NA 
Meadow fescue Bunchgrass p M-R 5. 512 M 
Crested wheatgrass Bunchgrass p R 5.5 12 NA 
Intermediate wheatgrass Sod-forming grass p R 5.5 12 NA 
Quackgrass Sod-forming grass p R 5. 512 NA 
Smooth bromegrass Sod-forming grass p M-S 5.5 M 
Reed canarygrass Sod-forming grass p M 4.5 M 
Park Kentucky bluegrass Sod-forming grass p s 5.5 NA 
Redtop Sod-forming grass p M-R 4.0-4.5 NA 
Swi tchgra ss Sod-forming grass p M 4.0-4.5 NA 
Potomac orchardgrass Bunchgrass p M--R 4.5 M 
Timothy Bunchgra ss p M 4.5-5,0 NA 
Medium red clover Farb-legume p R 5.0 L 
White Dutch clover Farb-legume p M-R' 5.5 L 
Alsike clover Farb-legume p Ml2 5.0 L 
Yellow sweet clover Forb-1 egume B R 5.5 M 
White sweet clover Farb-legume 8 R 5.5 M 
Empire birdsfoot trefoil Farb-legume p R-M 4.5 H 
Ranger alfalfa Farb-legume p R-M 6.0 M 

1 U.S. Soil Salinity Laboratory Staff. 1954. Diagnosis and Improvement of Saline and Alkali Soils. 
U.S.D.A. Agr. Handb. 60. U.S. Government Printing Office, Washington, D.C. · 

2Vogel, W.G. 1981. A guide for revegetating coal minesoils in the eastern United States. U.S.D.A. 
For. Serv., Gen. Tech. Rep. NE-68, 190 p. Northeast For. Exp. Stn., Broomall, PA. 

3Hughes, H.D., M.E. Heath, and D.S. Metcalfe. 
2nd Ed. Iowa State Univ. Press, Ames, Iowa. 

1966. Forages: The Science of Grassland Agriculture. 
707 p. 

Moisture 
to l era nee 1 0 

D 
M 
M 
w 
,; 
\, 
D 
M 
D 
0 

W,D 
M 

W,D 
D 
w 
M 
M 
M 
w 
D 
D 
w 
M 

"Donovan, R.P., R.H. Felder, and H.H. Rodgers. 1976. 
U.S. Environmental Protection Agency. 600/2-76-087. 

Vegetative stabilization of mineral waste heaps. 
306 p. 

5 Beard, J.B. 1973. Turfgrass: Science and Culture. Prentice-Hall, Inc., Englewood Cliffs, N.J. 658 p. 

6 Bennett, O.L, E.L. Mathias, W.H. Armiger and J.N. Jones, Jr. 1978. Plant materials and their requirements 
for growth in humid regions. In F.W. Schaller and P. Sutton (eds.) Reclamation of Drastically Disturbed 
Lands. American Society of A~ronomy, Inc., Madison, Wis. pp.285-306. 

·, A annual; B ; biannual; P ; perennial. 

8 R rapid; M ; moderate; S; slow. 

9 H high; M; moderate; L; low. 

10 0 drought; M; moist; W; wet 

11 Annual in northern Minnesota. 

12 Estimated. 

NA - Not available. 
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stabilization of either copper-nickel tailing (Peters, 1970) 

or other mine mill wastes (Dickinson and Youngman, 1971; Dean 

and Shirts, 1975; USFWS, 1980; Dean et al., 1969; Duffek, 

1969; Jones, 1972; Prather, 1973). Several species included 

in the trial have also been recognized as being tolerant of 

heavy metals. These include redtop, red fescue, barley and 

rye (Shimwell and Laurie, 1972; Goodman et al., 1973; Johnson 

et al., 1977; Smith and Bradshaw, 1970; and Halcrow, 1958). 

Greenhouse Conditions 

The screening trial was conducted in an indoor 

(artificial light) greenhouse located at the College of 

Natural Resources, University of Wisconsin-Stevens Point. 

Environmental conditions within the greenhouse were controlled 

to provide optimal conditions for the growth and development 

of the species tested. Greenhouse temperature ranged from 17 

C (63 F) to 26 C (78 F) and was continuously monitored during 

the study using a hygrothermograph strip chart recorder. 

Artificial, fluorescent "growth lamps" provided the total 

source of lighting. These lamps supply a high proportion of 

light in the red and blue wavelengths. Light intensity ranged 

from approximately 7 to 12 klx (640 to 1115 fc). Day length 

or photoperiod was artificially controlled to provide a 

light/dark regime of 18 and 6 hr, respectively. Relative 

humidity within the greenhouse was periodically monitored 

using a sling psychrometer. Values ranged between 50 and 75 

percent for the study duration. Additional ventilation was 

provided to improve air circulation over the greenhouse 
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benches, which avoided excessive temperature and relative 

humidity. 

Woody Seedling Production 

Woody tree and shrub species were evaluated in the 

greenhouse trial as containerized seedling stock. The 

seedlings used were grown specifically for use in the 

greenhouse study and were produced in the following manner. 

Seeds were germinated on crushed perlite to minimize 

mortality due to damping-off fungi. Seedlings were then 

transplanted to BC/CFS styroblock containers and grown under 

greenhouse conditions for approximately 16 weeks. Styroblocks 

planted with black locust and Siberian peashrub were 

inoculated with symbiotic bacteria by dusting the surface of 

each planting cell with inoculant at the time of planting 

Rooting volume of individual seedling cells (30 cells/block) 

was approximately 60 cubic centimeters. 

The rooting medium used to produce the seedling stock was 

a peat-vermiculite mixture with an initial soil pH of 5.9. 

Maintenance of pH is important in tree seedling culture. 

Tinus and McDonald (1979) recommend a target pH of 5.0 to 6.0 

for conifer and 6.0 to 7.0 for hardwood species. Limited 

greenhouse space did not allow adequate separation (for 

irrigation purposes) of the two species groups; therefore, a 

target pH of 5.5 was selected and maintained for all species. 

Phosphoric acid was used to acidify both nutrient and rinsing 

solutions to maintain near optimal pH levels within the 
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rooting medium (Jaramillo and Owston, 1977). The 

acidification procedure was monitored by measuring pH levels 

of the applied nutrient solution and of the leachate collected 

from below the containers following each watering. 

Prior to seed coat drop, seedlings were kept moist with 

distilled water to maintain a sterile environment and reduce 

the risk of damping-off mortality (Tinus, 1974). 

Fertilization was initiated after the seed coats were shed, 

approximately 2 to 3 weeks after seed germination (Tinus and 

McDonald, 1979). A water soluble fertilizer mix (20- 20-20) 

was applied with each scheduled irrigation to provide a 

recommended elemental concentration of: 100 mg/1 nitrogen, 44 

mg/1 phosphorus, and 83 mg/1 potassium (Van Eerden, 1974). 

McGuire (1972) maintains that fertilizers applied at every 

watering provide the developing seedlings with a known, 

constant, and highly favorable pH and nutrient environment. 

Nutrient solutions were applied in excess to ensure complete 

wetting of the root ball and leaching of accumulated salts 

from the rooting medium. Electrical conductivity (EC) of the 

applied nutrient solution and container leachate was measured 

at each watering to monitor salt concentration. 

Recommendations formulated by Tinus and McDonald (1979) were 

used to interpret the EC readings. Acidified tap water was 

utilized to enhance leaching when necessary. Seedlings were 

thoroughly rinsed following irrigation to flush fertilizer 

salts from the foliage. The irrigation schedule was designed 

to ensure a soil moisture content of not less than 70 percent 

of field capacity throughout the culture period. 
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Screening Trial 

Upon completion of the 16-week culture period, woody 

seedlings were transplanted into plastic pots containing 

approximately 2.3 L (3.7 kg) of copper-nickel tailing. Three 

seedlings were planted in each pot. Two such pots represented 

one of three replicates of a species-treatment combination. 

Therefore, each species-treatment combination was represented 

by 18 containerized seedlings. With one exception, the study 

duration was 140 days for all woody species, and commenced at 

the time seedlings were transplanted to the tailing. Siberian 

peashrub was grown for a shorter period, approximately 90 

days, because the plants were thought to have become 

root-bound and continued growth would have resulted in a loss 

of plant vigor. 

Herbaceous species were sown directly into copper-nickel 

tailing at a rate of 15 seeds per pot. Each plastic pot 

contained approximately 0.65 l (1.0 kg) of tailing. Tailing 

surface area per pot was approximately 38 square centimeters. 

Each species-treatment combination was replicated three times. 

Legume species were inoculated with the appropriate bacteria 

by dusting the seed at the time of planting. Study duration 

for the herbaceous plants was 90 days. 

Chemical analyses of the INCO tailing (See Appendix A) 

indicated an extreme deficiency of available phosphorus and a 

potentially limiting supply of available potassium. Due to 

the absence of organic matter, nitrogen was assumed to be 

present at critically low levels. To assure favorable plant 
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response, a fertilizer treatment was formulated to supply 

adequate to optimal quantities of nitrogen, phosphorus, and 

potassium. It must be recognized that no single fertilization 

treatment could provide optimal growth conditions for all 36 

plant species being tested. Therefore the intent was to 

design a fertilizer treatment that would provide adequate 

nutrition for a majority of the tested species. After 

consulting the literature and recommendations developed by 

soil testing laboratories, a fertilizer treatment was 

developed to provide 112 kg/ha (100 lbs/ac) nitrogen, 123 

kg/ha (110 lbs/ac) elemental phosphorus, and 168 kg/ha (149 

lbs/ac) elemental potassium. 

Three fertilizer levels were evaluated in the screening 

trial, they provided 50, 100 and 150 percent of the 

aforementioned application rate. Desired treatment 

concentrations were formulated using a commercial fertilizer 

mix containing ammonium nitrate, triple superphosphate, and 

potassium chloride. On the basis of fertilizer analysis 

(N-P205-K20), application rates were approximately 300, 600, 

and 900 kg/ha of a 19-47-34 fertilizer for the three 

respective treatments. Fertilizer was thoroughly mixed into 

the tailing prior to the sowing or planting of vegetation. 

The three fertilizer treatments were compared to an 

experimental control consisting of unfertilized tailing. The 

following table summarizes the tailing treatments and 

application rates. 

Tailing moisture conditions were continually monitored 
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through the weighing of greenhouse pots. Monitored weights 

were compared to previously determined estimates of pot weight 

at field moisture capacity. Distilled water was applied 

through a mist sprayer to maintain tailing moisture content at 

or above 75 percent of field moisture capacity. 

Tailing Treatment 
and Rate (1) 

Control 

300 kg/ha (suboptimal) 

600 kg/ha (optimal) 

900 kg/ha (superoptimal 

ammonium 
nitrate 

0 

56 

112 

168 

Fertilizer Rate 

triple 
superphosphate 

kg/ha 

0 

61.5 

123 

184.5 

(1) rate based on 19-47-34 fertilizer analysis. 

Response Measurement 

Woody Vegetation 

potassium 
choride 

0 

84 

168 

252 

Response parameters measured for woody plant species 

included seedling height, percent seedling survival, shoot 

biomass (foliage and stems), and root biomass. 

Individual seedling height was measured at the time of 

transplanting to the tailing. Subsequent measurements were 

recorded at 30, 60, 90, and 140 days. Height was recorded to 

the nearest millimeter. Analysis of height growth was 

- 25 -



conducted by using the mean replicate height of surviving 

seedlings. 

Survival was determined as a percentage by dividing the 

number of living seedlings at 140 days (90 days for Siberian 

peashrub) by the number of seedlings initially planted (18 per 

replicate). 

Determination of the mean replicate biomass was conducted 

upon completion of the screening trial. Individual seedlings 

were severed at the root collar and rinsed with distilled 

water to remove tailing particles. Plant roots were recovered 

by wet sieving on 2 mm hardware cloth. Component parts (root 

and shoots) were individually bagged, dried to a constant 

weight at 70 C and weighed to the nearest milligram. In 

preparation for laboratory analysis, plant foliage was 

separated and ground (0.86 mm) by replicate in a stainless 

steel hammer mill. Tissue samples were stored in triple 

acid-washed glass vials. 

Herbaceous Vegetation 

Response parameters collected from the herbaceous 

greenhouse trial include percent seedling emergence, percent 

seedling survival, shoot biomass, and root biomass. 

Periodic counts were conducted to record the number of 

emerged seedlings per pot. Emergence was expressed as a 

percentage by dividing the total number of emerged seedlings 

by the number of seeds planted in each pot (15 per pot). 
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Survival was determined as a percentage based upon the 

total number of emerged seedlings. Thus, percent seedling 

survival was calculated by dividing the number of living 

seedlings at 90 days by the total number of emerged seedlings. 

Herbaceous root and shoot components were 

clipping the aerial portions at ground line. 

separated by 

Methods for the 

determination of mean replicate biomass and tissue preparation 

for metal analyses were conducted in the manner previously 

described for woody vegetation. 

Plant Tissue Analysis 

Samples were prepared for analysis by wet ashing in 

nitric acid as described by Havlin and Saltanpour (1981). Ten 

milliliters of nitric acid was added to the digestion tubes 

containing 1.0 g of ground tissue and allowed to stand for 12 

hr. Samples were then heated for 4 hr at 125 C. After 

cooling, the digest was twice diluted, first to 12.5 ml with 

nitric acid, and finally to 50 ml with distilled deionized 

water. Samples were vacuum-filtered using Whatman glass fiber 

ClF/C filters into triple acid-washed polypropylene storage 

bottles. Solution concentrations of copper, nickel, cobalt, 

lead, zinc, and iron were determined by atomic absorption 

(U.S. EPA, 1979). Tissue ~oncentrations were calculated from 

the results. 

Experimental Design and Statistical Analysis 

The study was designed as a completely randomized factor
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ial experiment. A two-way factorial analysis of variance was 

used to separate sources of variation into treatment 

effects, species effects, interaction and error. 

Post-analysis separation of response means was 

accomplished by computing a least significant difference test 

criterion (D) using one of Bonferroni's inequalities (Bailey, 

1977): 

_f2s2(t ) D= VT 0.05/k 

wheres= mean square error from analysis of variance 

n = harmonic mean sample size of each class 

t = Bonferroni's inequality at a probability (P) 
of 0.05 for the separation of k classes 

k = number of classes (means) to be separated 

Two means separated by a value greater than the test 

criterion are considered to be statistically different at the 

specific probability. For convenience, data summary tables 

include a tabular notation of corresponding test criteria, 

while graphic scalers of the statistic are provided for visual 

comparison in data illustrations. 

The test criterion has the property that when all 

differences between pairs of means are tested, the probability 

that no erroneous claim of significance will be made is 

maintained at a probability (P) of 0.95, regardless of the 

number of means being tested. 
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RESULTS AND DISCUSSION 

Plant Emergence and Survival 

Herbaceous Plants 

Emergence for 23 of the 27 herbaceous species tested was 

favorable, and ranged from 41 to 97 percent, with a mean value 

of 73.4 percent (Table 5). Lower emergence rates were 

realized for western wheatgrass, blue grama, Canada bluegrass 

and Cicer milk vetch. Seedling emergence for these species 

was 17.5, 29.4, 8.3 and 16.1 percent, respectively. Mean 

emergence for the four species as a group was 17.8 percent. 

The substantial difference between the two species groups 

is not fully understood. Despite the use of certified seed, 

germination of the four species groups appeared extremely 

poor, and subsequent germination tests on filter paper 

verified this observation. On the premise of questionable 

seed viability, the four species were eliminated from further 

evaluation in the study. However, the exclusion of these 

plant species is not an indication of their inability to 

tolerate copper-nickel tailing as a rooting medium and testing 

with improved seed lots is recommended for future evaluation. 

As previously discussed, the presence of a surface crust 

impeded the 

copper-nickel 

development 

experienced 

emergence of legume species 

tailing (Borovsky et al . , 

was not observed in this trial and 

no difficulty in emerging from 
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TABLE 5. - Mean seedling emergence and survival of herbaceous 
species screened on copper-nickel tailing 

Species 

Manker barley 
Annua 1 ryegrass 
Perennial ryegrass 

Japanese mi 11 et 
Creeping red fescue 

Meadow fescue 

Crested wheatgrass 

Intermediate wheatgrass 

Quackgrass 
Smooth bromegrass 

Reed canarygrass 

Park Kentucky bluegrass 
Redtop 

Swi tchgrass 
Potomac orchardgrass 

Timothy 

Medium red clover 

White Dutch clover 
Alsike clover 

Yellow sweet clover 

White sweet clover 
Empire birdsfoot trefoil 

Ranqer a 1 fa lfa 
Mean 

D (Least Significant Difference) 

(x standard error) 

Mean 
Emergence, 

pct 

83.3±0.9 

89.5±0.4 

96. 7±0.4 

90.0±0.7 

80.5±0.9 

93.3±0.5 

64.5±0.9 

83.9±0.9 

81. 1±1.1 

76.7±0.8 

48.3±1.8 

78.3±1.4 

61. 7±1.4 

76.7±0.8 

41. 1±1. 3 

72 .8±1.8 

71.1±1. 4 

55.0±1.7 

70.5±1.2 

82.2±1.4 

56. 7±1.4 

63 .3±1. 3 
70 .0±1.1 

73.4 
17. 52 

1Survival computed as percentage of emerged seedlings. 
NAp - Not applicable. 
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Mean 
Su rvi va 1 , 1 

pct 

100 

100 

100 

100 

99.2±0.2 

100 

100 

100 

99.2±0.2 

100 

100 

100 

100 

100 

100 

100 

93. 9±1.0 

100 

100 

97.0±0.7 

96 .8±0. 6 

100 
100 

99.4 
NAp 



Emergence of these species ranged from 55.0 to 

(Table 5). With minor exceptions, annual 

grasses demonstrated greater seedling emergence 

species. 

82.2 percent 

and perennial 

than legume 

Subsequent survival of emerged seedlings was excellent. 

Mean seedling survival for individual plant species ranged 

from 94 to 100 pct (Table 5). These results suggest that with 

appropriate nutrient and moisture supply, the tailing could 

provide a suitable environment for successful plant 

and establishment. However, test results 

interpreted with caution since these trials were 

duration in a controlled physical environment. 

Woody Plants 

emergence 

should be 

of short 

The use of containerized planting stock eliminated the 

need to monitor seed germination or seedling emergence rates 

of woody plants. This is in contrast to the previous 

greenhouse study where woody seed was directly sown in the 

tailing material (Borovsky et al., 1979). 

Woody seedling survival was highly favorable. Of the 

nine species tested, six maintained 100 percent survival for 

the study duration. Survival of red pine and balsam fir was 

97.2 and 98.6 percent, respectively. Survival of Japanese 

larch was 87.5 percent; this represents the mortality of 9 of 

72 larch seedlings transplanted to the copper-nickel tailing. 

All nine of these seedlings displayed foliar discoloration 

shortly after transplanting and eventual mortality occurred 
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within 30 days. The loss of these individuals early in the 

trial was probably related to planting shock rather than to 

any identifiable tailing factor. 

Plant Growth 

Herbaceous Plants 

A primary objective of the study was to evaluate species 

growth and development on copper-nickel tailing. Biomass 

production (root, shoot and total) was used to quantify plant 

performance for comparative purposes. This method of 

measurement was used because it is a relatively simple, yet a 

precise index of plant growth. Biomass production results are 

reported in Figure 2. 

In general, plant performance in the greenhouse study was 

very promising. All 23 grass and legume species demonstrated 

an ability to tolerate copper-nickel tailing as a growing 

medium. Plant growth, as measured by peak total biomass 

production, ranged from 1.1 to 7.3 g/pot. As based on this 

measure of plant performance, there were few significant 

differences in growth among the 23 herbaceous species 

evaluated in the trial. However, switchgrass, Japanese 

millet, and quackgrass clearly demonstrated superior growth 

(Figure 2). The first two species produced significantly more 

total biomass (7.3 and 7.0 g/pot, respectively) than all other 

species tested, and quackgrass (6.7 g/pot) produced greater 
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FIGURE 2 - Dry weight biomass production of herbaceous 
species by fertilizer treatment 

- 33 -



Crested 
wlrnatgrass 

0 5 a 
---O> 4 
..: 
I 3 
(') 

w 2 
3: 
>-
a: 
0 0 

Manker 
barley 

0 
a 5 

..._ 
O> 4 

..: 
3 y I 

CJ 
UJ 2 
3: 
>- -----~ a: 0 0 0000 

ooo 
C')(O a, 

0 
a 
---O> 

I-
I 
Q 
UJ 
~ 
>-
a: 
0 

FIGURE 2 

Park 
Intermediate Kentucky 
wheatg,ass Timothy Redtop bluegrass 
5 5 5 5 

4 4 4 4 

3 3 3 3 

2 2 2 2 

0 0 C 0 

Annual Perennial Creeping red Meadow 
ryegrass ryegrass fescue fescue 

5 5 5 5 

4 4 4 4 

3 

j. 
3 3 3 

2 2 2 2 

0 0000 
0 

0000 0 0000 
0 0000 

ooo ooo 000 000 
M(OOl M(OO> C')(O O> C') (0 a, 

FERTILIZER, kg/ha 

Japanese Switch 
Ouackgrass millet grass 

8 

7 

4 

3 

0 

8 8-

7 -

6 6 

5 

4 

3 3 

2 

0 0 
0000 0000 0000 

ooo 000 ooo 
C') (0 0) C') (0 0) C')(O(j) 

FERTILIZER, kg/ha 

- Dry weight biomass production of herbaceous 
species by fertilizer treatment (cont.) 

-34-



total biomass than 16 of the remaining 20 species (Table 6). 

With minor exceptions, all of the other species produced a 

statistically equivalent amount of peak total biomass which 

generally ranged from 2 to 5 g/pot. Only the production of 

crested wheatgrass (1.1 g/pot) fell outside of this range and 

its production was equivalent to 12 other species which 

produced less than 3.5 g/pot of peak total biomass (Table 6). 

Balanced production of root and shoot mass 

in the vegetative stabilization of mill tailing. 

is desirable 

Above-ground 

portions of plants provide physical protection against erosive 

forces of wind and water and an extensive root system is 

necessary to supply the established plant with water and 

essential nutrients. Monitoring results indicated that most 

species produced a relatively equal proportion of root and 

shoot biomass. However, two grass species with an annual 

growth habit in the Upper Midwest displayed extensive shoot 

development. These species were Japanese millet and Manker 

barley. Emphasis on shoot production is characteristic of 

annual plants and the performance of these two annual species 

in the greenhouse demonstrates the potential these plants 

offer as a nurse crop. 

The growth of roots and shoots 

responded differentially to increased 

of several species 

fertilization. This 

resulted in an emphasis of shoot production on the 600 and 900 

kg/ha treatments. Species demonstrating this response include 

Potomac orchardgrass, meadow fescue, creeping red fescue, and 

redtop. 
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TABLE 6. - Peak total biomass production of herbaceous 
species and the associated fertilizer rate. 

Species 
Peak total biomass, Fertilizer 

g/pot kg/ha 

Swi tchgra ss 7.3 900 
Japanese mill et 7.0 900 
Quackgrass 6.6 900 
Intermediate wheatgrass 4.8 900 
Perennial ryegra ss 4.7 900 
Meadow f escue 4.6 900 
Redtop 4.5 900 
White sweet clover 4.4 300 
Reed canarygrass 4.3 900 
Potomac orchardgrass 3.8 900 
Smooth bromegrass 3.6 900 
Annual ryegrass 3. l 600 
Creeping red fescue 3.0 900 
Manker barley 3.0 900 
Yellow sweet clover 3.0 600 
Park Kentucky bluegrass 3.0 600 
Timothy 2.9 600 
White Dutch clover 2.9 900 
Medium red clover 2.7 900 
Ranger alfalfa 2.7 600 
Empire birdsfoot trefoil 2. l 900 
Alsike clover 2. l 900 
Crested wheatgrass l. l 900 
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The addition of fertilizer to copper-nickel tailing 

produced obvious and significant differences in plant growth 

and vigor (Figure 3 to 6). In the absence of fertilizer 

amendments, plant performance was generally poor with stunted 

growth and foliar symptoms characteristic of nitrogen and 

phosphorus deficiency clearly evident. Total biomass 

production averaged 0.47 g/pot on the unfertilized (control) 

tailing as compared with an average of 2.74 g/pot on the three 

fertilizer treatments. 

With one exception, all test species produced peak total 

biomass at the 600 and 900 kg/ha rate of fertilization (Table 

6). Of the 22 species responding in this manner, 17 produced 

peak biomass at the 900 kg/ha rate and 5 produced peak biomass 

at the 600 kg/ha rate. White sweet clover, the exception, 

produced peak biomass at the 300 kg/ha rate. 

Switchgrass, quackgrass, and reed canarygrass produced 

significantly greater total biomass in response to the 900 

kg/ha treatment. The growth of these species was generally 

greater with an increased fertilization (Figure 2). A similar 

growth response to fertilization was exhibited by Potomac 

orchardgrass, intermediate wheatgrass, perennial ryegrass, and 

creeping red fescue (Figure 2). Fertilization beyond the 900 

kg/ha rate may be required for these plants to achieve peak 

biomass production. 

Seven grass and legume species produced peak total 

biomass in response to lower rates of fertilization. This 

indicates that the 900 kg/ha treatment exceeded the nutrition 
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FIGURE 3 - Response of yellow blossom sweet clover to 
fertilizer treatment - 90 days of growth. 
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FIGURE 4 - Response of white dutch clover to fertilizer 
treatment - 90 days of growth. 
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FIGURE 6 - Response of red top fertilizer treatment -
90 days of growth. 
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requirements of the species. For yellow sweet clover, Ranger 

alfalfa, and annual ryegrass, the reduction in plant growth 

with additional fertilization was minimal (Figure 2). In 

contrast, the total biomass produced by medium red clover, 

crested wheatgrass, and Park Kentucky bluegrass was greatly 

depressed at the 900 kg/ha treatment rate (Figure 2). The 

latter results strongly suggest that excessive fertilization 

can antagonize plant growth in copper-nickel tailing. This is 

probably related to the effect of fertilization on tailing 

salinity and acidity. As fertilizer salts are added to the 

tailing, the soluble salt content of the waste can be expected 

to increase. For some plants, the negative effect of 

fertilizer increases in soluble salts may exceed the positive 

effects of fertilizer increases in essential plant nutrients. 

Also, the addition of ammonium nitrate to the taili.ng could 

have induced an increase in tailing acidity. This process 

typically occurs as ammonium cations are oxidized by bacteria 

to nitrate anions (Donahue et al., 1977). Changes in tailing 

acidity could adversely affect plant growth by altering the 

availability of potentially toxic heavy metals. 

The response of white sweet clover to increased 

fertilization was highly variable (Figure 2). It is uncert i an 

whether antagonistic effects or experimental error contributed 

to the overall reduction of biomass produced at the 600 and 

900 kg/ha treatment rates. 

Test results also suggest that nutrient 

300 kg/ha rate was suboptimal for a majority 
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species tested (Figure 2). Although plant response was 

initially favorable, chlorotic symptoms became increasingly 

apparent as the study progressed. This was most likely in 

response to an inadequate supply of nitrogen. 

Woody Plants 

Two methods were used to evaluate woody plant growth in 

the screening trial. These include seedling biomass 

production and mean seedling height growth over the 140 day 

monitoring period. Results of this data are presented in 

Figures 7 and 8, respectively. 

Test data indicate obvious and significant differences 

among species with regard to peak total seedling biomass 

production. Based upon this parameter, differences between 

four species groups were statistically significant. Japanese 

larch demonstrated superior growth potential in the production 

of significantly greater peak total biomass (1.79 g/seedling) 

than the remaining test species. Black locust (1.43 

g/seedling) and jack pine (1.17 g/seedling) produced 

significantly greater peak total biomass than Norway spruce 

(0.83 g/seedling), Scotch pine (0.78 g/seedling), red pine 

(0.51 g/seedling), Colorado blue spruce (0.49 g/seedling) and 

balsam fir (0.11 g/seedling). Finally, peak total biomass of 

balsam fir was significantly less than all other species 

tested (Figure 7). Biomass production of Siberian peashrub 

(1.39 g/seedling) was not included in the statistical analysis 

due to its reduced growth period of 90 days. 
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Production of root and shoot biomass was variable (Figure 

7). The relative proportion of individual root and shoot 

components by fertilizer treatment was species dependent with 

few trends evident. Relatively equal portions of root and 

shoot biomass were produced by Colorado blue spruce, Norway 

spruce, and balsam fir. Although component biomass was of 

equal proportion on the control treatment, shoot mass 

generally increased disproportionately in comparison to root 

mass across treatments for red pine, jack pine, Scotch pine, 

Japanese larch, black locust, and Siberian peashrub. Scotch 

pine root production was relatively unaffected by fertilizer 

treatment. 

Evaluation of treatment effects was limited to those 

species grown for the 140 day monitoring period. 

Fertilization at the 300, 600, and 900 kg/ha rate 

significantly affected total seedling biomass and shoot 

biomass production of Japanese larch and black locust. 

Treatment did not significantly affect root biomass production 

of these species. Treatment also failed to significantly 

affect root, shoot and total biomass production of all other 

woody plants. These results do not suggest inadequate 

nutrient supply; rather, they emphasize the limitations 

associated with short-term greenhouse trials in the evaluation 

of slow growing woody plants. Studies of longer duration are 

necessary to more fully evaluate the growth and development of 

these plant materials. 

Proportional seedling height growth was monitored to 
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further evaluate the growth and development of the selected 

woody tree and shrub species. In contrast to biomass 

production, this method of evaluation provided for the 

statistical comparison of Siberian peashrub with the other 

test species. 

Growth potential, as it relates to above ground 

development of woody plants, i s illustrated in Figure 8. 

Maximum seedling height growth, expressed as percent of 

initial height, over the 140 day period ranged from 

approximately 36 percent for red pine to 129 percent for 

Japanese larch. Species which demonstrated modest rates of 

maximum height change included red pine, jack pine (38 

percent), balsam fir (42 percent), and Norway spruce (48 

percent) (Figure 9). Scotch pine, Colorado blue spruce and 

black locust exhibited more substantial seedling height growth 

with respective rates of 55, 77, and 74 percent. Based upon 

maximum change in height over a 140 day growth period, these 

two groups of species were significantly different from one 

another. The growth of Japanese larch was significantly 

greater than all other species tested. 

Growth response exhibited by Siberian peashrub and black 

locust was different than that of the conifer species. After 

rapid initial growth, height change leveled off to the point 

of little change for black locust and no measurable change for 

Siberian peashrub. The screening trial for Siberian peashrub 

was terminated at 90 days due to this apparent onset of 

seedling dormancy. Coniferous seedlings continued to grow in 
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height throughout the 140- day screening trial, and for most 

of these species there was no change in the rate of this 

growth on a given fertilizer treatment during the course of 

the study. 

Rate of fertilization significantly affected the height 

growth of all species except balsam fir and red pine. Maximum 

seedling growth consistently occurred 1n response to 

fertilization at 600 or 900 kg/ha (Figure 8). 

Many factors could have contributed to the observed 

differences in growth among species and treatments. Generally 

such responses are assumed to be related to differences in the 

physiological and ecological adaptations of plants. However, 

because of the relatively slow growth rate of woody plants and 

the brief nature of most plant growth studies, differences in 

growth response are sometimes strongly related to initial 

seedling condition. For example, it is well established that 

seedling height growth is 1n part a reflection of initial 

seedling size. This relationship was apparent for seven 

conifer seedlings investigated in this study (Figure 8) and 

was probably of consequence in affecting the growth results of 

at least one species, Colorado blue spruce. As can be seen in 

Table 7, initial mean height of seedlings planted for this 

species in the control, 300 kg/ha, 600 kg/ha and 900 kg/ha 

treatments was 17.2, 14.6, 11.6, and 12.3 cm, respectively. 

Even though seedlings were assigned to greenhouse pots on a 

random basis, the initial height of plants in the control 

treatment was biased relative to the fertilizer treatments. 
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TABLE 7 - Mean replicate height of woody plants at the beginning and 
end of the greenhouse screening trial-

140 days growth 

·-~-

Control 300 kg/ha 600 kg/ha 900 kg/t:a 

Species I nit ia l Final Initial Final Initial Final Initial Final 
height, height, height, height, height, height, height, height 

cm cm cm cm cm cm cm cm 

Black locust 39.0 42.2 40.0 53. l 39.7 61.0 39.4 68.4 

Japanese larch 19.6 26.9 20.8 30.8 19.6 38.9 18.8 4J.0 

Red pine 6.0 6.9 5.4 7. l 5.9 7. l 5.2 7. l 
-

Jack pine l 0.1 10.9 10.5 12.4 9.5 12.J 9.7 13.4 

Scotch pine 6.6 7.4 7.7 10.3 6.5 10.2 7.6 10.3 
-

Colorado blue spruce 17. 2 20.0 14.6 21. 2 l l.5 20.7 12. 3 20.8 
-

Norway spruce 15.8 16.9 17. 6 21.0 18.0 21. 9 18. l 26.8 

Balsam fir 3.4 4.7 3.3 4.5 3.6 4.7 3.9 5.2 

Siberian peashrub l/ 40. 5 41. 7 42.9 52.2 41. 3 55.2 45. l 68.6 

l/ 90 day final height response. 

- 49 -



This circumstance probably masked any growth response of this 

species to fertilizer treatment and helps explain the biomass 

growth pattern of Colorado blue spruce (Figure 7). In 

general, there was less than a 2 cm difference in initial 

seedling height for a given species across fertilizer 

treatments (Table 7). Thus, it is unlikely that response data 

for other woody plants suffered from this problem. 

Plant Growth Summary 

A wide variety of plant material is capable of growth in 

copper-nickel tailing. Some 23 grasses and forbs and 9 woody 

plants were successfully grown in this material for periods of 

up to 140 days. 

In general, peak total biomass production among 

herbaceous plants was similar, and these plants responded well 

to fertilization. Peak production tended to be associated 

with the 900 kg/ha fertilizer treatment. However for most 

species, the net increase in biomass production between 600 

and 900 kg/ha was small, typically less than 15 percent. 

Since achievement of peak production is seldom required to 

successfully stabilize mill tailing, it is difficult to 

justify a 900 kg/ha fertilization rate if it will only lead to 

a slight increase in plant production. With this 

consideration in mind, fertilization recommendations were 

developed for all herbaceous species evaluated in the trial 

(Table 8). These recommendations assume that tailing to be 

revegetated will have physical and chemical charcteristics 
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TABLE 8. - Fertilizer rate associated with peak biomass production 
of herbaceous plants and recommended 

Species 

Annuals 
Manker barley 
Annua 1 ryegrass 
Perennial ryegrass 
Japanese mi 11 et 

Perennials 

Creeping red fescue 
Meadow fescue 
Crested wheatgrass 
Intermediate wheatgrass 
Quackgrass 
Smooth bromegrass 
Reed canarygrass 
Park Kentucky bluegrass 
Redtop 
Switchgrass 
Potomac orchardgrass 
Timothy , 

Legumes 

Medium red clover 
White Dutch clover 
Alsike clover 
Yellow sweet clover 
White sweet clover 
Empire birdsfoot trefoil 
Ranger alfalfa 

rate of fertilization 

Fertilizer rate. kg/ha 

Peak biomass 
production 

900 
600 
900 
900 

900 
900 
600 
900 
900 
900 
900 
600 
900 
900 
900 
600 

600 
900 
900 
600 
300 
900 
600 

Recommended 
rate 

600 1 

600 
900 
600 1 

900 
600 1 

600 2 

900 
9001 
600 
900 
600 2 

900 
900 
900 
600 2 

600 2 

900 
3001 

600 
300 
6001 

600 

1 300 or 600 kg/ba rate recommended where 900 kg/ha rate resulted in <15 pct 
increase in total biomass production. 

2 900 kg/ha fertilizer treatment resulted in reduced production of total 
biomass. 
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similar to those of the INCO tailing (See 

The predominant recommendation is 600 kg/ha. 

fertilization should provide for adequate 

of most species listed in Table 8, regardless 

species is sown by itself or in a mixture 

species. 

Appendix A). 

This rate of 

development 

of whether a 

with several 

Caution should be exercised in applying excessive 

fertilizer to fresh tailing. Attempts to achieve higher 

levels of plant productivity through this practice may have an 

undesirable result of antagonizing plant toxicities to soluble 

salts or heavy metals. Several plant species grown in the 

greenhouse trial may have experienced this problem, as 

increasing rates of fertilization occasionally resulted in a 

depression of plant growth. 

Woody plants also grew 

Application of fertilizer 

biomass production and/or 

well in copper-nickel tailing. 

significantly increased total 

height growth of most species 

tested. Maximum seedling growth generally occurred in 

response to fertilization at 600 or 900 kg/ha. 

Recommendations for use of woody plants in copper-nickel 

tailing stabilization are premature at this time. Although 

several woody plants demonstrated good potential for use in 

tailing stabilization, the results of a 90 to 140 day 

greenhouse screening trial can hardly be considered as 

conclusive because these plants will not greatly influence 

erosion potential until they are 5 to 10 years old. Until a 

long-term (5-year) field trial of woody plant performance has 
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been completed, caution should be 

the use of these plants 

stabilization. 

exercised in recommending 

for copper-nickel tailing 

Tissue Chemistry 

A secondary objective of the greenhouse study was to 

evaluate the uptake of heavy metals on plants grown in 

copper-nickel tailing. This was accomplished by sampling 

foliar plant tissue at the end of the greenhouse study. In 

the case of herbaceous plants, all species produced sufficient 

biomass on the 600 kg/ha treatment to allow laboratory 

analysis of three replicate tissue samples. These samples 

were analyzed for copper, nickel, zinc, iron, cobalt and lead. 

Seventeen species also produced sufficient biomass on the 300 

and 900 kg/ha treatments to allow for analysis of at least 

duplicate samples on those treatments. These samples were 

analyzed for copper and nickel only. The former data were 

used to assess differences in metal uptake among species at a 

given rate of fertilization (600 kg/ha) and these data were 

analyzed as a one-way analysis of variance. The latter data 

were combined with the former to assess the effect of 

fertilization rate on copper and nickel uptake. These data 

were analyzed as a two-way analysis of variance with variation 

separated into: species effects, treatment effects, effects 

due to the interaction of species and treatment, and error. 

This analysis was conducted by using a regression apprqach 

which eliminated the confounding effects of unequal sample 
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sizes among treatments. 

All woody plant species included in the trial produced 

sufficient foliar biomass on each treatment to provide three 

replicate samples for laboratory determination of heavy metal 

content. These data were analyzed in a manner similar to that 

used for the herbaceous plants. The only major difference 

between the two groups of data was that the herbaceous plants 

failed to produce sufficient biomass in the control treatment 

to allow laboratory analysis of heavy metal content. Because 

the woody plants were tested as containerized seedlings, these 

species provided ample biomass for laboratory analysis 

regardless of the tailing treatment. 

Tissue chemistry results for herbaceous and woody plants 

are discussed separately in the following sections. These 

discussions are followed by a common summary of implications 

for both groups of plants. 

Herbaceous Plants 

The concentration of heavy metals in herbaceous plants 

grown in copper-nickel tailing varied substantially by 

element. Lead concentrations were low and consistently below 

a detection limit of 2.5 ug/g. Cobalt concentrations were 

also low and at or near the detection limit of 1.0 ug/g for 

most grass species (Table 9). Concentrations of copper, 

nickel and zinc ranged from about 10 to 60 ug/g while iron 

concentrations generally were an order of magnitude higher 

(100 to 600 ug/g) (Table 9). 
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TABLE 9. - Mean elemental concentration of herbaceous plant tissue 
grown in copper-nickel tailing on the 600 kg/ha 

fertilizer treatment-90 days growth 

Copper, Nickel, Zinc, Iron, Cobalt, 
Species µg/g µg/g µg/g µg/g µg/g 

Annuals 

Manker barley 16.8 18.8 19.2 451 2.5 
Annual ryegrass 22.5 45.5 32.5 371 1. 7 
Perennial ryegrass 15.8 34.0 28.8 400 1. 2 
Japanese millet 15.5 21. 2 18. 5 11 2.8 

Perennials 

Creeping red fescue 12.8 58.2 16.2 161 <1.0 
Meadow fescue 12.2 37.3 19.0 124 1. 31 
Crested wheatgrass 18.0 9.0 35.5 580 <1.01 
Intermediate wheatgrass 14.3 9.7 17.0 278 <1.0 
Quackgrass 12.2 7.3 24.7 85 1. 31 
Smooth bromegrass 18.5 7.7 24.5 290 <l.01 
Reed canarygrass 12.2 21.2 39.0 143 <l.01 
Park Kentucky bluegrass 14.3 57.5 34.7 192 <1.01 
Redtop 11.0 21.0 24.5 87 <l.01 
Switch grass 7.8 6.2 8.3 22 <1.0 
Potomac orchardgrass 10. 2 23.0 18.7 86 1. 7 
Timothy 9.3 20.5 18.5 90 1.5 

Legumes 

Medium red clover 35.7 61. 2 24.5 547 3.2 
White Dutch clover 43.2 74.3 31.3 1477 3.8 
Alsike clover 45.5 83.0 37.0 2139 6.7 
Yellow sweet clover 19.7 55.5 20.5 214 1. 7 
White sweet clover 19.2 62.8 20.8 202 1.5 
Empire birdsfoot trefoil 12.7 68.5 19.8 214 2.5 
Ranger alfalfa 25.7 66.8 30.2 257 4.0 

02 9.28 28.86 17.76 623 1. 91 

1 Concentration less than 1.0 µg/g detection limit, values not included 
in calculation of least significant difference test criterion (D) 

2 

D = f2s2(t ) v~-n- 005\ 
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Numerous significant differences existed in tissue 

concentrations of heavy metals among herbaceous plant species 

(Table 9). As a group, the legumes tended to accumulate 

higher levels of metals than either the annual or perennial 

grasses. This was particularly evident for copper and nickel. 

Alsike clover and white Dutch clover consistently accumulated 

higher concentrations of copper, nickel, cobalt and iron 

relative to all other species. Switchgrass responded in the 

opposite manner. This species conspicuously exhibited the 

lowest tissue concentrations of copper, nickel, zinc and 

cobalt. Quackgrass and intermediate wheatgrass also generally 

exhibited low concentrations of heavy metals. 

A partial explanation for increased uptake of heavy 

metals by legume species may be related to bacterial 

inoculation of plant seed. As is accepted practice, all 

legume seed used in the greenhouse study was inoculated with 

the appropriate symbiotic bacteria. The seed of all other 

plant species was not inoculated. In the controlled 

environment of an indoor greenhouse, it is possible that the 

roots of non-leguminous plants failed to develop extensive 

microbiological associations. Since these associations are 

known to be of great consequence of plant nutrition, 

differences in the development of root microorganism 

relationships may have affected trace metal uptake. Another 

possible explanation for differences in metal uptake among 

plant species is the dilution effect of biomass production. 

With equivalent plant absortion of metals, larger plants, or 

those with greater biomass production, wil inevitably have 
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lower tissue concentrations of those metals. Thus, species 

with high biomass production (e.g., switchgrass, quackgrass 

and intermediate wheatgrass) might be expected to have lower 

concentrations of heavy metals. 

Fertilizer treatment significantly 

concentration of copper and nickel 

(Figures 9 and 10). In general, 

affected the 

in herbaceous 

there was a 

tissue 

plants 

direct 

relationship between fertilizer rate and metal concentration. 

Thus, with the exception of three species (alsike clover, 

white Dutch clover and barley), maximum concentration of 

copper occurred on the 900 kg/ha treatment. In the case of 

nickel, only Potomac orchardgrass produced a peak of nickel 

uptake on a fertilizer treatment of less than 900 kg/ha. 

Apparently, uptake of nickel by plants was more sensitive 

to fertilizer treatment than was copper uptake. All legume 

species and perennial ryegrass experienced significant shifts 

in nickel concentration as fertilizer rate increased to 900 

kg/ha. Significant changes in copper concentration were 

restricted to three species, white Dutch clover, alsike clover 

and perennial ryegrass. 

The probable cause of increases in metal uptake with 

increasing 

a result 

fertilization is an increase in tailing acidity as 

of fertilizer application of ammonium nitrate. 

Bacterial oxidation of ammonium cations to nitrate anions can 

result in a development of acidity and this process may induce 

an increase in the concentration of heavy metals available for 

plant uptake. Heavy metal uptake could be minimized 
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by adding lime to the tailing or by using an acid 

neutralized nitrogen fertilizer which contains limestone. 

Woody Plants 

The concentration of heavy metals in woody plant foliar 

tissue followed a pattern similar to that observed for 

herbaceous plants. Lead concentrations were consistently 

below the detection limit of 2.5 ug/g and cobalt 

concentrations were at or near a detection limit of 1.0 ug/g. 

Copper, nickel and zinc concentrations generally ranged from 5 

to 85 ug/g (Table 10). Iron concentrations were substantially 

higher, and ranged from about 80 to 650 ug/g. 

Few significant differences existed in the tissue 

concentration of heavy metals among woody plant species with 

the 600 kg/ha treatment (Table 10). The legumes, black locust 

and Siberian peashrub, accumulated significantly higher 

concentrations of copper than all other woody plants. Black 

locust foliage was also significantly higher in nickel 

concentration than all other species. Other significant 

differences in heavy metal uptake were restricted to the 

relatively high concentrations of zinc and iron in Norway 

spruce and Scotch pine, respectively. 

As with the legume forbs, bacterial inoculation of the 

seed of leguminous woody plants may help explain the increased 

uptake of heavy metals by these species. The successful 

bacterial inoculation of the woody legumes was verified by 

examining the roots harvested at the completion of the trial. 
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TABLE 10. - Mean elemental concentration of woody plant foliar tissue 
grown in copper-nickel tailing on the 600 kg/ha 

fertilizer treatment-140 days growth 

Copper, Nickel, Zinc, 
Species (Jg/g µg/g µg/g 

Red pine 7.0 12.7 73.7 
Jack pine 8.0 16.7 85. 5 
Scotch pine 12.3 14.3 62.5 
Japanese larch 4.8 14.5 23.0 

Colorado blue spruce 5.2 12.7 44.3 
Norway spruce 6.3 13. 3 109.3 
Balsam fir 4.2 7.3 72.2 

Black locust 23.0 29.0 37.0 
Siberian peashrub 3 34.3 14.0 27.2 

D3 7.74 11.44 55.51 

1Concentration less than(<) 1.0 µg/g detection limit. 

2Siberian peashrub grown for 90 days. 
3 

D = 

NS - Not significant at P = 0.05. 
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Iron, Cobalt, 
f-'g/g µg/g 

138 <1. 01 

204 <1.0 1 

642 1.0 

78 1.0 

129 <1. 0] 

266 1.2 
180 <1.0 1 

264 2.0 

305 1.3 

277 NS 



Most specimens possessed root nodules characteristic of 

nitrogen-fixing plants. 

In general, fertilizer treatment did not affect heavy 

metal uptake of conifer tree seedlings (Figures 12 and 13). 

However, the nickel concentration of Norway spruce with the 

900 kg/ha treatment was significantly greater than that 

observed at lower rates of fertilization. The uptake of 

copper and nickel in both black locust and Siberian peashrub 

was significantly affected by fertilizer treatment. As was 

observed for the legume forbs, metal uptake was directly 

related to the rate of fertilization. However, copper uptake 

of woody legumes was more sensitive to fertilization than was 

nickel uptake. This is the reverse of the relationship noted 

for the herbaceous plants. Again, the probable cause for 

increased metal uptake at higher fertilizer rates is an 

increase in tailing acidity as a result of the addition of 

ammonium nitrate to the tailing. 

Tissue Chemistry Summary 

Concentrations of heavy metals in plant tissues grown in 

copper-nickel tailing varied significantly with species and 

tailing treatment. Copper and nickel concentrations were of 

particular interest because these metals are potentially 

phytotoxic and they are present in the tailing at elevated 

levels {See Appendix A). A convenient method of portraying 

the general effect of species and fertilizer treatment on the 

concentration of heavy metals in plant tissue is shown in 
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Figure 14. This figure was produced as a result of the 

determination of linear relationships between fertilizer 

treatment and the mean concentration of copper and nickel in 

plant tissue. As can be seen, all plant species screened in 

the greenhouse trial were divided into four broad groups: 

woody conifer, woody broadleaf, grass and legume forb. The 

simple linear regression model which best fit the relationship 

between fertilizer rate and tissue concentration of each metal 

was subsequently determined for each species group. These 

models clearly identified two types of metal uptake responses; 

those with substantial shifts in tissue concentrations (Models 

4 and 6), and other responses which include only minor shifts 

1n tissue concentrations of heavy metals. The former type 

consists entirely of leguminous plants. The regression slopes 

of models in this type indicate that the uptake of nickel in 

leguminous forbs, and the uptake of copper in leguminous woody 

plants was relatively sensitive to the rate of fertilizer 

applied. At a low rate of fertilization, most of the plants 

screened in the greenhouse trial contained modest levels (5 to 

35 ug/g) of copper and nickel. However, a 600 kg/ha increase 

in fertilizer resulted in an average increase of 67 ug/g of 

nickel in legume forb tissue and a 36 ug/g increase of copper 

in woody legume tissue. Similar increases in fertilizer 

produced a maximum increase of only 18 ug/g in the metal 

uptake of other species groups, regardless of the element 

involved. 

As stated previously, differences in species uptake of 

heavy metals and the response of metal uptake to fertilization 
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probably reflect both the acidity effect of fertilization on 

the tailing, and differences in microbiological associations 

of plant roots. These relationships suggest that moderation 

should be exercised in fertilizing copper-nickel tailing. 

Liberal application of ammonium nitrate to the tailing could 

enhance the development of heavy metal phytotoxicity, 

particularly if frequent maintenance applications of 

fertilizer were made as part of eventual use of a tailing 

basin for forage production. Infrequent addition of 600 kg/ha 

of a 19-47-34 fertilizer should minimize the build-up of 

acidity in the tailing. Lime applications could also be used 

to neutralize the acidifying effect of fertilization. 

With the exception of nickel, the tissue concentration of 

heavy metals in most plants grown in the greenhouse with the 

600 kg/ha fertilizer treatment was below suggested tolerance 

limits for normal plant growth (Tables 9 to li). Only white 

Dutch clover and alsike clover consistently exceeded tolerance 

levels for copper, iron and cobalt. As a group, all legume 

species generally exceeded tolerance limits for plant 

concentrations of nickel. However, legumes grown in the 

tailing did not develop toxicity symptoms and growth of these 

plants was comparable to that observed for most grasses grown 

in the greenhouse. In no case did plant concentrations of 

heavy metals exceed suggested tolerance limits for animal 

forage (Maynard et al., 1979; Table 12). Thus, the observed 

concentrations of heavy metals in plant tissue grown in 

copper-nickel tailing are not likely to cause toxicities in 

grazing animals. 
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TABLE 11 - Suggested tolerance levels or toxicity limits 
for selected heavy metals in plants 

Available Common range in Suggested tolerance 
Element form concentration, µg/g 1 imi ts, µg/g 

Mel sted .· Allaway Melsted Leeper Chapman 
{1973) l (1968) 2 (1973) 1 (1978) 3 (1966) 4 

Cobalt Co++ 0.01-0.3 0.05-0.5 5 NA NA 

Copper Cu++ 3-40 4-15 150 30 20 

Iron Fe++ 20-300 NA 750 NA NA 

Lead Pb++ 0.1-5.0 0.1-10 10 NA NA 

Ni eke l Ni++ 0.1-1.0 1.0 3 25 50 

Zinc Zn++ 15-150 15-200 300 500 400 
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TABLE 12. - Suggested trace mineral requirements and 
toxicities for livestock 1 

Element Species Requirement, Toxic level. 
µg/g ration µg/g ration 

Copper Cattle 5-8 115 
Sheep 5 NA 
Swine 6 250 

Cobalt Cattle 0.05-0.07 60 
Sheep 0.08 120 

Lead Cattle NAp 200 
Swine NAp 80 

Zinc Cattle 20-30 900->1200 
Sheep 20-30 1,000 
Swine 50 2,000 
Horses 40 4,000 

J Adapted from: Maynard, L.A .• J.K. Loosli, H.F. Hintz and R.G. 
Warner. 1979. Animal Nutrition, 7th Ed. McGraw-Hill, Inc. 
New York. 602 p. 

NA - Not available. 
NAp - Not applicable. 
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SECTION 2.0. CHARACTERIZATION OF COPPER-NICKEL TAILING 

Rapid efficient revegetation of mill tailing requires a basic 
knowledge of the physical and chemical characteristics of the waste. In 
addition, such information is useful to engineers, hydrologists, and 
reclamation specialists in the pre-planning of reclamation programs and 
in the assessment of environmental consequences of mineral development. 
Unfortunately, little quantitative data is available concerning the 
probable nature and properties of copper~nickel mill tailing produced in 

· northern Minnesota. This lack of information has continued to spawn 
public concern about the potential environmental effects of copper
nickel mining and has contributed to delays in the development of 
Minnesota's copper-nickel resources. 

This study was conducted to develop a better understanding of the 
probable properties of tailing which would be produced by a copper
nickel mining operation in northern Minnesota. Specifically, the study 
provides quantitative estimates regarding numerous chemical and physical 
characteristics of pilot plant tailing samples and evaluates the poten
tial influence of these characteristics on plant growth. The study is 
based on an analyses of tailing produced from pilot plant bulk flotation 
tests of crude ore samples collected from the Duluth Complex near Ely and 
Babbitt, Minnesota. The ore samples were collected as a result of two 
different exploration projects and were supplied by AMAX and INCO. 

2.1 Methods 

Ten random samples of each waste were selected from the bulk samples 
provided by each company. All samples were air dried, crushed and passed 
through a 2 mm sieve. Chemical and physical properties of the tailing 
were expressed as calculated on the less than 2 mm fraction. Particle 
size analysis for sand, silt and clay was conducted by the standard 
hydrometer method (Day, 1965} and content of very fine sand was estimated 
by use of the wet sieve procedure (Day, 1965). Water capacity was 
determined by the pressure cell method (Klute, 1965}. 00rganic matter in 
the tailing was estimated by loss on ignition at 500 C. Soil pH and 
soluble salts were measured electrometrically in water (1:1 dilution) 
as described by Peech, 1965 and Bower and Wilcox, 1965. Available 
phosphorus and potassium were determined as. phosphorus and potassium 
soluble in dilute acid-fluoride ( Olsen and Dean, 1965). Exchangeable 
potassium, sodium, calcium, and magnesium were extracted in neutral 1 N 
ammonium acetate ( Pratt, 1965a; Pratt, 1965b; Heald, 1965). Exchange 
acidity was determined according to Yuan (1959) and the sum of exchange
able bases and exchange acidity was used to estimate to cation 
exchange capacity. The concentration of extractable metals (copper, 
zinc, nickel, cobalt, cadmium, manganese, lead, chromium, iron, potas
sium, calcium, magnesium, and sodium) in the tailing was determined by 
shaking 3 g of tailing in 15 ml of 1! nitric acid for 24 hr, filtering, 
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diluting to 100 ml volume with distilled water and analyzing the solution 
for each respective metal by flame atomic absorption. 

2.2 Characterization Results 

Tailing is a modified product of the parent ore material. To place 
the physical and chemical properties of tailing in perspective, an 
understanding of the bedrock geology in the mining region is necessary. 
The following discussion is broken into two major subsections. The first 
subsection reviews the geological nature of Minnesota's copper-nickel 
resources as described in the Regional Copper-Nickel Study (MEQB, 
1979a). This discussion is followed by a characterization of the tailing 
waste which would result from the development of these resources. 

2.2.1 Geology of Minnesota's Copper-Nickel Resources 

2.2.1.1 General Geology 

The copper-nickel resource lies beneath glacial drift and peat 
deposits, and within the Duluth Complex, a late Precambrian, coarse
grained, igneous group of rocks, relatively low in silica and high in 
ferro-magnesian minerals (Figure 2-1). At the northwestern edge of the 
complex lies the basal contact with the older Precambrian formations: 
the Virginia Formation, Biwabik Iron formation, and Pokegama Formation 
to the southwest and the Giants Range granite to the northeast (Figure 
2-2). It is along this margin that secondary chemical changes associated 
with the thermal metamorphism of the older rocks by the younger intrusive 
body have produced copper-nickel mineralization. 

2.2.1.2 Bedrock Mineralogy and Chemistry 

The Duluth Complex is, as its name suggests, a complex of crystal
lized magmatic intrusion. The entire sequence has not yet been worked 
out but a troctolite body and an apparently older anorthosite body are 
present. It is the former that is the host rock for the ore. The rock 
anorthosite is composed of the mineral plagioclase feldspar (more than 
80 pct), of the ferro-magnesian silicate minerals olivine and augite, 
and of oxides. Troctolite, by definition, has a higher percentage of 
olivine with an accompanying decrease in plagioclase. Augite and other 
pyroxenes are present as well as oxides. Table 2-1 lists the common 
minerals of rock samples collected from the basal contact zone of the 
Duluth Gabbro Complex. 

The miner a ls pyrrhotite, cha lcopyrite, cubanite, and pendl andite 
are the more prominent sulfides which occupy the interstices of the 
crystalline trocotolite. Except for pyrrhotite, these sulfides are the 
source of the copper and nickel for which the rock would be mined. On an 
average, the sulfides comprise less than 5 pct of the rock. An exception 
is the part of the rock termed semi-massive ore -- as opposed to dissemi
nated ore -- which contains more than 13 pct sulfides and it is found to 
a limited extent at the northeast end of the contact zone. 
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TABLE 2-1. - Conman minerals in rock samples collected at the 
base ofcontact of the Duluth Complex1 

Minera 1 

Plagioclase 

Sericite 

Olivine 

Cl inopyroxene 

Orthopyroxene 

Monocrys ta 11 i ne 
amphibole 

Fibrous 
amphibole 

Chlorite 

Serpentine 

lddingsite 

Talc 

Biotite 

Smectite 

Opaque minerals, total 

Cha lcopyri te 

Cubanite 

Pentlandite 

Pyrrhotite 

!1 meni te 

Magnetite 

Graphite 

Spine! 

Myrmekite 

Apatite 

Epidote 

Allanite 

Calcite 

Quartz 

Cordierite 

Chemical formula 

Na Al Si, 08 - Ca Al, Si, 0, 

K2 Al, Si, A1 2 022 (OH, F), 

(Fe, Mg) s10. 
Ca (Fe, Mg) Si 2 O, 

(Fe, Mg) 2 Si, 06 

(Na, K)o- 1 (Ca, Mg, Fe+2 , Fe+•, All, 
(Si,-, Al,- 0 ) 0 22 (OH, F, Cl), 

(Na, K)o-1 (Ca, Mg, Fe• 2 , Fe••, All, 
(Si,-, Ali-o) 022 (OH, F, Cl l, 
(Mg, Fe, Al) 12 (Si, Al), 020 (OH),. 

Mg, Si, O, (OH). 

Serpentine+ iron oxide phase 

Mg, Sf, 020 (OH), 

K2 (Mg, Fe+'),• (Fe+•, Al, Ti)o-2 
(Sio-s Al,-,) 020 (OH, F), 

(i Ca, Na)o,1 (Al, Mg, Fe). (Sf, Al), 
020 (OH). • nH,O 

Cu Fe S2 

Cu Fe 2 S, 
(Fe, Ni), S1 

Fe, S1 - Fe S 

Fe Ti O, 

Fe, o, 
C 

Hg A1 2 0, 

Ca, (PO, ) 3 (OH, F, Cl) 

Ca Fe+' Al 2 Si 1 012 (OH) 

(Ca, Ce), (Fe+2, Fe+') 
Al, Si, 0 1 2 :OH 

Ca CO, 

Sf 0 2 

Al, (Mg, Fe+'), Sis Alo,. 

Type of ore 

Description u1 ssem1na teo Semi -mass f ve 
ore volume, ore volume, 

pct pct 

a feldspar 58. 786 47 .548 

a mica, alters from 1.320 0.080 
feldspar 

Fe-Mg silicate 17 .883 6 .140 

a pryoxene, 5.689 14.379 
Fe-Mg silicate 

a pyroxene, 1. 517 10. 394 
Fe-Mg silicate 

amphibole with non- 2.471 0.025 
acicular morphology 

amphibole with fibrous 0.366 0.024 
or aclcular morphology 

alters from Fe-Mg silicates 2.202 0.274 

alters from Fe-Mg silicates 1.498 0.014 

alters from olivine 0.090 0.053 

alters from Fe-Mg silicates 0.08'1 --
a mica 2.624 4. 753 

a clay, alters from 0.031 --
feldspar 

4.592 13.581 

undifferentiated 1.305 2.286 

0.069 0.251 

1.017 7.944 

2.197 2.854 

present as flakes 0.003 0.246 

0.001 --
intergrowths, generally 0.084 --
between plagloclase and 
ol lvine 

0.134 0.096 

Includes zeolites and 0.285 --
prehn1te 

(Ca 2 Al Al SI, 010 (OH),) 

borders radiating 0.025 --
epidote 

0.042 0.006 

-- 0.037 

0.272 5.350 

1Adapted from: Minnesota Environmental Quality Board. 1979. Geology and Mineralogy, Vol. 3 - Chap. 1 • .!!!. The Minnesota 
Regional Copper-Nickel Study. 
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As the magmas that formed the Duluth Complex intruded the older 
formations, fragments of this "country rock" were incorporated into the 
molten rock. Inclusions that contained relatively high amounts of 
sulfur were sources of the sulfur for the precipitation of copper, iron, 
and nickel sulfides. The Virginia Formation and the Biwabik Iron Forma
tion are considered rich enough in pyrite to have provided the sulfur. 
Fracturing along the contact zone allowed the mobilized sulfur to perme
ate the crystallizing magma and react with the highly mineralized resi
dual liquids. Table 2-2 shows the weight distribution of the individual 
chemical constituents in the disseminated and semi-massive ore. 

2.2.1.3 Ore Mineralogy and Chemistry 

The ore is the part of the bedrock where mineralization has taken 
place. Consequently, the mineralogy is practically the same as that of 
the bedrock as a whole. Variations within the ore are apparently due to 
the distribution and number of inclusions along the contact zone. These 
variations are relative to the sulfide mineral content. For example, 
total sulfides vary from 3.5 to 5.4 pct and pentlandite (high in nickel) 
varie~ from 0.012 to 0.117 pct within the disseminated ore. The values 
are as high as 19.2 and 0.341 pct, respectively, in the semi-massive ore. 

Table 2-3 shows the weight distribution of the elements composing 
the more common sulfide minerals of the Duluth Complex. Note that 
pyrrhotite is an iron sulfide and is deficient in both copper and nickel. 
Table 2-2 shows the percentages of these minerals in representative 
samples. 

2.2.2 Tailing Characteristics 

Separation of the copper-nickel sulfides would be accomplished by 
crushing and grinding the ore followed by flotation to concentrate the 
sulfide materials. Less than 5 pct of the ore would be sent to the 
smelter as concentrate. The remaining 95 pct would become tailing. 

The tailing can be expected to be similar mineralogically and 
chemically to the initial ore, as the sulfides make up a small percentage 
of the rock. Physically, the tailing differs greatly from the ore in 
that the grain size has been greatly reduced and the surface area 
increased, making the material much more susceptible to weathering. 

2.2.2.1 Tailing Fertility and Productivity 

Results of the laboratory analysis of the tailing samples are 
reported in Table 2-4. Comparison of this data with generally accepted 
guidelines suggests that the tailing presents a moderately good physical 
medium for plant growth and a poor chemical medium. The tailing is high 
in sand {53 to 78 pct) and silt {20 to 42 pct) content and is of a sandy 
loam to loamy sand texture. The waste is devoid of organic matter and 
offers a compact rooting medium with few macropores which may impede 
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TABLE 2-2. - Average elemental analysis of disseminated and 
semi-massive ore samples from the 

Element, unit 

Si{Si02L pct 
Al(Al203), pct 
Fe(FeO), pct 
Mg (MgO) , pct 
Ca(CaO), pct 
Na (Na 20), pct 
K(K20), pct 
Ti (Ti02), pct 
P(P20s), pct 
Mn {Mn0) , pct 
Cr{Cr203), pct 

B, ppm 
Ba, ppm 
Be, ppm 
Sr, ppm 
V, ppm 
Th, ppm 
Zr, ppm 

S, pct 
Cu, pct 
Ni, pct 
.Fe(S), pct 
Co, pct 

Zn, ppm 
Pb, ppm 
Ag, ppm 
As, ppm 
Hg, ppm 
Mo, ppm 
Cd, ppm 

Duluth Complex (oxide analyses in 
parenthesis) 1 

, 

Dissiminated Semi-massive 
ore ore 

22.29 (47.72) 20.68 (44.28) 
9.21 {17.41) 7.08 (13.37} 
8.69 (11.18) 8.66 (11.14) 
4.54 ( 7.52) 3.10 ( 5.14) 
5.53 ( 7.74} 2.88 ( .4.03) 
2.18 ( 2.94) 1.26 ( 1.70) 
0.35 ( 0.42) 0.53 ( 0.64) 
0.92 ( 1. 53) 1.00 ( 1.67) 
0.03 ( 0.08) 0.03 ( 0.07} 
0.12 ( 0.16) 0.10 ( 0.13) 
0.03 ( 0.05) 0.03 ( 0.04) 

571.22 127.20 
704.33 394.40 

0. 54 1.74 
277.67 181.90 
166.21 222.60 

4.34 3.40 
96.08 79.10 

1.129 6.528 
0. 545 2.849 
0.125 , 0.318 
1.249 7.335 
0.012 0.030 

139.00 236.80 
5.31 0 
2. 72 7 .10 

10.00 10.00 
0.080 0.070 
1.56 1.40 

10.00 10.00 

1Adapted from: Minnesota Environmental Quality Board. 1979. Geology 
and Mineralogy, Vol. 3-Chap. 1. In The Minnesota Regional Cooper-
Nickel Study. -
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TABLE 2-3. - Chemical composition (percent by.weight) of.the 
major s~lfide minerals in the Duluth Complexl 

Element, Min era 12 
unit 

Pentlandite Pyrrhoti te Cha l copyri te Cubanite 
S, pct 33.23 39.52 32.87 37.53 
Cu, pct 0 0.01 35.73 22.32 
Ni , pct 34.52 0.24 0.06 0.06 
Fe, pct 30.42 60 .19 31. 26 40.09 
Co, pct 1.82 0.03 0.08 0 

Total 99.99 . 99. 99 100.00 100.00 

1Adapted from: Minnesota Environmental Quality Board. 1979. Geology 
and Mineralogy, Vol. 3-Chap. 1. In: The Minnesota Regional Copper
Nickel Study. 

2May not total to 100.00 pct. 

infiltration and aeration. The lack of organic matter and low clay 
content ( 1 to 5 pct) lead to very poor water retention at higher moisture 
tensions (less than 1 pct moisture at -1.5 MPa). However, during moist 
periods, the tailing will retain an appreciable moisture supply for 
plant growth with field capacities approaching 60 pct by weight. The 
texture of the tailing and the lack of stones or impervious layers makes 
it a good rooting medium, presenting little impediment to root growth. 

The chemical characteristics of the tailing as they relate to plant 
growth are dominated by three properties, lack of organic matter, near 
neutral pH, and high soluble salts., The lack of organic matter severely 
limits total nitrogen content and cation exchange capacity {2.8 to 4.0 
meq/100 g) of the tailing. Nitrogen is a necessary and absolutely 
limiting nutrient for plant growth. Biological processes such as 
nitrogen fixation by legumes can build soil nitrogen reserves, but with
out some initial nitrogen fertilization, plant growth will be nearly 
impossible. The near neutral pH of the tailing provides a chemical 
medium that wi 11 inhibit solubility and plant uptake of toxic amounts of 
heavy metals, and yet provide for adequate uptake of a variety of micro
nutrients. Soluble salts, as indexed by conductivity of the saturated 
extract, are high (8.8 mmhos/cm). At this concentration, only tolerant 
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TABLE 2-4. - Average chemical and physical characteristics of 
copper-nickel tailing (± standard error)l 

Tailing property 

Bray phosphorus, ug/g 
Exchangeable cations, meq/lOOg 

Calcium 
Magnesium 
Potassium 
Sodium 
Acidity 

Cation exchange capacity, meq/lOOg 
pH (H20), unitless 
pH (CaCl2), unitless 
Conductivity, mmhos/cm 
Extractable metals, µg/g 

Cadmium 
Chromium 
Copper 
Nickel 
Lead 
Zinc 
Cobalt 

. Manganese 
Iron 
Magnesium 
Ca lei um 
Sodium 
Potassium 

Particle size, weight pct: 
Sand (2.00-0.05 mm) 
Silt (0.05-0.002 mm) 
Clay (< 0.002 mm) 
Very fine sand (0.1-0.05 mm) 

Moisture content, weight pct at: 
0 MPa 

-0.01 MPa 
-0.033 MPa 
-1. 50 MPa 

1 Based on 10 replications. 
2 Based on 3 replications. 

I 
I 

i 
I 

Copper-nickel tailing 

AMAX !NCO 

0.50 ± 0.0 1.6 ± 0.5 

1.80 ± 0.02 1. 54 ± 0 .07 
1.30 ± 0.05 0.68 ± 0.03 
0.22 ± 0.004 0.09 ± 0.006 
0.72±0.02 0.49 ± 0.03 

0.042 ± 0.002 0.06 ± 0.003 
4.08 ± 0.06 2.86 ± 0.07 
6.9 ± 0.03 6.5 ± 0.07 
6.1 ± 0.06 5.8 ± 0.04 
8.8±0.72 NA 

Trace Trace 
5.3 ± 0.2 6.4 ± 0.1 

103.8 ± 2.4 347 .8 ± 12 .o 
147 .6 ± 2.8 221.8 ± 11.6 
24.1 ± 2.5 18.8 ± 0.6 
38.2 ± 0.8 50.4 ± 7.4 
34.5 ± 0.6 39.5 ± 1.0 

243 ± 30 353 ± 5 
25931 ± 530 24104 ± 480 
13299 ± 249 16377 ± 338 
1353 ± 69 3147 ± 93 
340 ± 10 1072 ± 100 
322 ± 7 426 ± 10 

53.1 ± 0.5 78.5 ± 0.3 
42.0 ± 0.5 20.1 ± 0.4 
4.9 ± 0.5 1.4 ± 0.4 

10.4 ± 1.2 8.9 ± 0.8 

57.0 ± 5.6 2 NA 
24.3 ± 5.0 2 NA 
22.4 ± 4.6 2 NA 

0.1 3 NA 

3Extrapolation based on 21 observations between O and -l.5 MPa. 
NA - Not available. 
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crops can be expected to yield satisfactorily (U.S. Salinity Lab. Staff, 
1954). However, the permeable nature ·of the tailing and a regional 
climate in which precipitation exceeds evapotranspiration should induce 
leaching of excess salts. With time, this natural process will lead to 
an improvement of soil salinity. Results of post-revegetation tailing 
analysis support this conclusion (see Section 4.3.2.4). 

Phosphorus and potassium are two other elements considered to be 
macronutrients (or necessary in relatively large quantities by plants). 
The tailing is low in phosphorus (less than 12 kg/ha) and low to medium 
in potassium (78 to 190 kg/ha). Other nutrients, such as calcium and 
magnesium, are likely to be in adequate supply for plant growth. 

As would be expected, extractable heavy metals are dominated by 
copper and nickel. Concentrations of copper and nickel generally range 
from 100 to 350 ug/g. Although higher than recommended guidelines (MPCA, 
1982b), these concentrations are not considered to be toxic to pl ant 
growth. 

2.2.2.2 Comparisons with Natural Soils 

The chemical and physical properties of the tailing can also be 
evaluated by comparing them to natural or normally occurring soils. Soil 
properties vary widely, depending on the geologic origin of the soil 
material, the factors to which it has been exposed during weathering, and 
the length of time to which it has been exposed to those factors. 

The major chemical and physical properties of the tailing lie 
within the range of the properties of Minnesota soils. Pluth et al. 
(1970) performed a detailed characterization of 16 major Minnesota 
soils. In only one property did the tailing lie outside the range found 
in the surface (A horizon) and subsurface (B horizon) of those 16 soils 
(Table 2-5). Exchangeable calcium in the tailing is slightly lower than 
the range in soils. Extractable phosphorus (Bray P) in the tailing also 
lies near the lower end of the range of soils that Pluth et al. {1970) 
examined. 

The properties of Minnesota soils span a 'relatively wide range 
because of the relatively wide range in geologic. materials and vegeta
tion across the state. Another frame of reference for comparison cf 
copper-nickel tailing is provided by soil data· collected by Kernik 
{1981). She studied plant-soil relationships in the vicinity of copper
nickel mineralization in northeastern Minnesota. In her study, she 
examined soils in 15 upland forest stands and characterized them. The 
data from the ta i ling can be compared to the chemical and phys i ca 1 
properties.of the B horizon of her soils, the horizon of major pedogenic 
influence, and to both the C horizon, persumably unweathered, and the 
IIC, which is a coarser unweathered material that lay below most of the 
soils she studied (Table 2-5). · 

- 84 -



TABLE 2-5. - Comparison of some physical and chemical properties of 
copper-nickel tailing with properties of 

selected Minnesota soils 1 

Minnesota soil data base 
Copper-nickel tailing Property, unit Pluth et al. (1970)2 

AMAX !NCO A 

Bray phosphorus, ~g/g 0.50 1.60 min. 0.6 
max. 15.4 

Exchangeable cations: 
Calcium, meq/lOOg 1.80 1. 54 min. 3.89 

max. 54.89 
Magnesium, meq/lOOg 1. 30 0.68 NA 

Potassium, meq/lOOg 0.22 0.09 min. 0.10 
max. 2.00 

Sodium, meq/lOOg 0. 72 0.49 min. 0.07 
max. 2.30 

Acidity, meq/lOOg 0.04 0.06 NA 

Cation exchange capacity, meq/lOOg 4.08 2.86 min. 3.8 
max. 45.2 

pH (H20), unitless 6. 93 6.47 min. 5.2 
max. 8.3 

pH (CaCl 2), unitless 6 .14 5.81 NA. 

Conductivity, mmhos/cm 8.8 NA NA 

Particle size, weight pct: 
Sand 53.1 78.5 min. l.2 

max. 93.7 
Silt 42.0 20.1 min. 3.0 

max. 76.2 
Clay 4.9 1.4 min. 3.1 

max. 59.4 
Very fine sand 10.4 8.8 min. 7.44 

max. 36.5 
Moisture content, weight pct at: 

0 MPa 57.0 NA NA 
-0.01 MPa 29.3 NA 
-0.033 MPa 22.4 NA 
-1.5 MPa 0.1 5 NA 

1 Including Alfisols, Entisols, Inceptisols, and Mollisols by soil horizon. 
2 Pluth, D. J., R. S. Adams, Jr., R. H. Rust, and J. R. Peterson. 1970. 
Characteristics of selected horizons from 16 soil series in Minnesota. 

B 

Tr 
6.4 

2.46 
70.36 

0.05 
0.90 
0.09 
5.26 

2.2 
44.4 

5.3 
8.6 

1.0 
95.1 

2.6 
66.5 

2.3 
91.0 
8. 7" 

57.1 

min. 
max. 

min. 
max. 
min. 
max. 
min. 
max. 
min. 
max. 
min. 
max. 
min. 
.max. 

min. 
max. 

min. 
max. 
min. 
max. 
min. 
max. 

University of Minnesota Agricultural Experiment Station Technical Bulletin 272. 34 p. 
3Kernik, L. D. 1981. Elemental composition of hare browse in relation to 
site factors in northeastern Minnesota. M.S. Thesis, University of Minnesota. 183 p. 

"Determined only if sand >50 pct dry weight. 
5Extrapolation based on 21 observations between O and -1.5 MPa. 
NA - Not available. 
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Kerni k ( 1981 )3 

B2ir C 

3.3 4.5 
11 .1 21.2 

0. 93 0.57 
4. 22 3.75 
0.19 0.08 
1.19 2.21 
0.10 0.03 
0.87 0.09 
0.03 0.04 
0.15 0.09 
0.11 0.03 
1.45 0.03 
1.51 0.80 
6.58 6.11 

NA 

4.8 5.3 
5.4 6.0 

NA 

41 76 
73 86 
23 11 
48 21 
Tr Tr 
11 4 

NA 

NA 

!IC 

15.0 
39.7 

0.63 
1.45 
0.10 
0.32 
0.03 
0.12 
0.01 
0.08 
0.04 
0.26 
0.84 
2.17 

5.3 
5.6 

89 
97 
3 

10 
Tr 

2 



The properties of the tailing generally l~e within the range of the 
data Kernik collected, with a few exceptions. The extractable phos
phorus in the tailing lies below the range found in the soils, the pH and 
exchangeable sodium are higher, and the exchangeable magnesium is at the 
upper end of the range (Table 2-5). The low phosphorus levels are 
apparently related to low levels of phosphorus in the ore, and are of 
critical importance for plant growth. The higher pH, sodium, and magne
sium are related to the unweathered nature of the tailing. As they are 
exposed to weathering, and especially to leaching, levels of all three 
properties in the tailing can be expected to decline. 

Soils are commonly characterized by a number of physical and 
chemical properties that are related to plant growth. A set of accepted 
procedures has been developed for those characterizations. In the case 
of potentially toxic trace metals, many of which are also plant micro
nutrients, no such data or procedural set are available. Although 
characterization has been carried out both in relation to plant nutrient 
deficiencies and toxicities, the large variety of methods which have 
been used makes comparison of results difficult. 

Recently, members of W-124, a Regional Technical Committee of the 
Agricultural Experiment Stations in the U.S., have recommended a 1!! HN03 
extract of soils to determine that fraction of heavy metals potentially 
available for plant uptake. The data base using this extractant is not 
large. 

Pierce (1980) has characterized 16 major soils in Minnesota in 
terms of the nitric-acid extractable content of many elements. Results 
of his work (Pierce, 1980) provide a frame of reference for the prop
erties of copper-nickel tailing (Table 2-6). Based on his results, 
cadmium, present in the tailing at very low levels by any measure, is 
also at the low end of the range nf concentrations in Minnesota soils. 
Although levels of calcium in the tailing are within the range found in 
Minnesota soils (Table 2-6). they are at the low end of that range. 
Zinc, chromium, manganese, magnesium and potassium in the tailing all 
fall within the range of concentrations found by Pierce (1980). Lead, 
iron and sodium are all found in the tailing ·at levels somewhat above 
those in the sampled Minnesota soili, ftnd copper and nickel are present 
in the tailing at much higher concentrations than in soil (Table 2-6) . 

. , 
Calcium is usually not considered to be a critical plant nutri~nt 

because it occurs in sufficient amounts for plant growth in most soils. 
However, the low levels found in the tailing by extraction with both 
NH40Ac and HN03 may indicate a potential problem in establishing plant 
species with hlgh calcium requirements. These are often species whose 
natural origin was calcium-rich prairies, as are many species used for 
reclamation. 

Although the levels of copper and nickel are much higher in the 
tailing than in the sampled Minnesota soils, the levels are quite low on 
an absolute basis, and problems with toxicity to plants are unlikely. 
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TABLE 2-6. - Comparison of concentrations of HN01-extractable elements in 
copper-nickel tailing with concentrations in 

16 selected Minnesota soils 1 

Element 
Co~P.er-ni eke 1 

ta i i ng source Minnesota soils 3 

concentration, 
µg/g 

AMAX !NCO Surface Subsurface 

Cadmium- Tr Tr min. 0.05 0.01 
max. 0.85 o. 56 

Chromium 5.3 6.4 min. 2.5 2.5 
max. 7.2 9.1 

Copper l 03.8 347 .8 min. 2.7 1.5 
max. 12.9 21.6 

Ni eke l 147 .6 221.8 min. 2.9 2.1 
max. 15.4 19.3 

Lead 24.1 18.8 min. 3.8 0.8 
max. 19.6 7.3 

Zinc 38.2 50.4 min. 5.7 3.5 
max. 75.9 25.8 

Cobalt 34.5 39.5 NA NA 

Manganese 2 243 3S3 min. 415 80 
max. 2035 470 

I ron 2 25931 29104 min. 1790 750 
max . 9785 12905 

Magnesium 2 13299 6377 
.. 

560 1005 mm. 
max. 10005 26835 

Ca lcium 2 1353 3147 min. 1365 910 
max. 41565 125680 

Sodium 2 340 1072 min. 10 20 
max. 50 85 

Pota ssi um 2 322 426 min. 110 45 
max. 920 400 

1 Including Alfisols, Entisols, Inceptisols, and Mollisols. 
2 Unpublished data collected concurrently with the published data . 

Parent 
material 

0.03 
1.87 
3.3 
9.9 
3.8 

21.0 

5.4 
22.5 

0.8 
9.0 

7.0 
42.6 

NA 

120 
675 

160 
10390 

1390 
28340 

2005 
126815 

30 
110 
80 

865 

. 3Pierce, F. J. 1980. The content and distribution of Cd, Cr, Cu, Ni, Pb, 
and Zn in 16 selected Minnesota soil series. M.S. Thesis, University of 
Minnesota. 140 p. 
Tr - Trace. 
NA - Not available. 
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