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ABSTRACT 

Organic matter amendments have long been known to 

improve native organic matter content, aggregation and 

structure of soils. In the laboratory, however, organic 

matter amendments to autoclaved soils have no such effect. 

This may explain the failure of many reclamation attempts on 

mine tailing wastes, which often proceed without regard for 

the microbiological processes necessary for soil formation 

and cycling of plant nutrients. 

In this study, incubation of tailing waste with soil 

microbes and a simple carbon source proved sufficient to 

increase the formation of water stable aggregates from 

tailing particles. Autoclaved control samples showed no 

change in aggregation. The incorporation of microbial cell 

mass into the mineral matrix of the tailing was observed 

using scanning electron microscopy. 

These results suggest that microbial activity is 

necessary in order to incorporate organic matter into the 

abiotic matrix of tailing, promoting aggregation and 

ultimately soil formation from this material. 
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CHAPTER 1 

INTRODUCTION 

Literature Review 

Soil aggregation, through its beneficial effects on soil 

structure, influences water infiltration, erosion, soil 

incrustation, aeration, moisture content, and plant root 

development (Allison, 1973). Incorporation of plant residues 

has long been realized as a means of improving soil 

aggregation (Martens and Frankenberger, 1992a). However, 

Peele and Beale (1940) and McCalla et al. (1957) reported 

that in soils which were first sterilized, there was no 

change in aggregation following organic matter amendments. 

Dinel (1992) also reported that microbial metabolism was an 

important precursor to the transformation of the inert 

organic fraction into soil organic matter, and to the 

physico-chemical interactions between the mineral and organic 

components of soil leading to soil aggregation. Waksman and 

Martin (1939) and Martin and Waksman (1940, 1941) compared 

the effect of a wide range of amendments on aggregation, and 

concluded that the influence of a given soil amendment on 

aggregation was directly related to the ability of the 

amendment to serve as a carbon and energy source to the 

microbial population. The functional group reactivity of the 

microbial metabolites produced upon hydrolysis and oxidation 

of amendments and the high charge density of colloidal soil 
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particles were both considered important to the formation of 

soil aggregates (Martin, 1945; Martin et al., 1955). 

The mechanisms of interaction most important to 

aggregate formation are cation bridging between carboxylate 

anions and cations held as exchangeable on soil minerals; 

hydrogen bonding between hydroxyl or amino groups and oxygen 

atoms at the edges of clay minerals; ligand exchange between 

carboxylate anions (also called "ligand groups" in soil) and 

aluminum or iron hydroxide surfaces; and van der Waals 

interactions between uncharged organics and uncharged mineral 

surfaces (Tisdall and Oades, 1982; McKeague et al., 1986; 

Sposito, 1989). The formation of organo-mineral complexes, in 

which electron sharing occurs between one or more organic 

functional groups and a soil mineral, can lead to the long-

term stabilization of an aggregate by reducing the chances 

that the organic molecule will be recognized as substrate by 

soil enzymes (Burns, 1986). 

Current knowledge of these mechanisms has arisen mainly 

from laboratory investigations. Actual conditions in the soil 

are poorly understood at best (Robert and Berthelin, 1986) . 

However, there are a number of reported correlations between 

the number and position of functional groups on organic 

compounds and the ability of certain compounds to form 

organo-mineral complexes; the size and flexibility of organic 

molecules and their ability to aggregate primary mineral 
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particles; and the recalcitrance of certain organic compound 

and their involvement in the long-term stabilization of 

aggregates (Martin, 1971). Specific microbial activities 

most important to soil aggregation are 1) synthesis of 

polysaccharides, 2) synthesis of oxidoreductase enzymes, and 

3) redistribution of organic matter. 

Synthesis of Extracellular Polysaccharides 

Soil microbial polysaccharides are long-chain, high 

molecular weight (105 - 106 g mol-1) carbohydrates consisting 

primarily of mannose, fucose, rhamnose, galactose, glucose 

and gluco- and galactouronic acid residues (Cheshire, 1979; 

Lynch, 1990). They are synthesized in soil following the 

metabolism of simple alcohols such as glycerol and mannitol, 

and simple sugars such as glucose and mannose. The high 

uronic acid content of soil microbial polysaccharides 

accounts for their ligand exchange and cation bridging 

capacities. All saccharide residues provide functional group 

reactivity in the form of alcoholic hydroxyls which 

contribute to hydrogen bonding. Individual polysaccharide 

chains are cross-linked via hydrogen bonding into large 

polymers which are sometimes referred to as soil cements or 

soil gums (Rennie et al., 1954; Chesters et al., 1957). 

Polysaccharide composition varies both with type of 

microbe and, for a given type of microbe, with carbon source 

(Martens and Frankenberger, 1992b). Studies relating 
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polysaccharide composition to aggregating ability have shown 

that a high percentage of uronic acid groups is significantly 

correlated with aggregation, whether soil samples are taken 

from the field (Chesters et al., 1957) or result from 

laboratory incubation studies (Martin et al., 1955). 

Swift (1991) tested the effects of exchangeable cations 

on aggregate formation by two forms of polysaccharides, an 

alginate produced by Azotobacter vinelandii and xanthate 

produced by Xanthomonas sp. Both had previously been found to 

induce immediate aggregation when added to soil at 

concentrations as low as 0.2% (w/w) (Chaney and Swift, 1986). 

The aggregating ability of the former, which contains a high 

percentage of uronic acid residues, was increased by the 

addition of Ca+2, while aggregation due to xanthate, which is 

composed primarily of glucose residues, was not affected. The 

results indicated that soil aggregation by alginate was due 

to cation bridging, while aggregation by xanthate was 

probably due to hydrogen bonding. Martin (1971) reported 

similar results, and also showed that decreases in soil pH 

affected the binding ability of polysaccharides high in 

uronic acids, but not that of polysaccharides which were 

mainly composed of neutral sugars. This can be explained by 

the fact that the carboxylate group becomes protonated as the 

pH decreases, and thus is no longer ionically attracted to 

exchangeable soil cations (pKa carboxyl group 2 to 4) 
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(Sposito, 1989). Martin (1971) found that decomposition of 

microbial polysaccharides was reduced by 50% when Cu, Fe, Zn, 

or A1 ions were added to flask cultures, and that the effect 

was positively correlated with the presence of polyuronide 

residues on the polysaccharides which indicated that 

formation of organo-mineral complexes had occurred, 

sterically protecting the molecule from attack. 

The effects of microbial polysaccharides on soil 

aggregation have been extensively investigated. Waksman and 

Martin (1939), Chaney and Swift (1986), Martens and 

Frankenberger (1992b), and others reported that addition of 

microbial polysaccharide in concentrations as low as 0.1 to 

0.2 percent (w/w) to soil induced immediate and significant 

aggregate formation in the laboratory. Soil samples from the 

field may or may not show a significant positive correlation 

between polysaccharide content and soil aggregation. Some 

grassland soils and mollic epipedons have excellent crumb 

structure attributable to microbial polysaccharides, while 

soils formed under forest owe their aggregation to fulvic 

acids or other factors (Cheshire, 1979; Emerson et al., 

1986). Martens and Frankenberger (1992b) found that long-

chain aliphatic acids were produced during decomposition of 

microbial polysaccharides, and that the presence of these 

compounds was correlated with increases in soil aggregation. 

Tisdall and Oades (1982) suggested that in soils receiving 
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continuous additions of readily available substrate, 

production of microbial polysaccharides is in equilibrium 

with their decomposition, which accounts for the high 

microbial polysaccharide content of grassland soils. 

However, for soils in which the main organic matter 

contribution is in the form of plant residue, microbial 

polysaccharides are the most readily available substrate 

following the exhaustion of the readily metabolizable portion 

of plant residue. Their effect on aggregation is thus less 

important than the effect of decomposition byproducts in 

these soils. 

Synthesis of Oxidoreductase Enzymes 

Sjoblad and Bollag (1981) reported many fungi and 

actinomycetes and a few genera of bacteria (Pseudomonas, 

Bacillus. Arthrobacter) which catalyzed oxidative coupling 

reactions. Within the cell, these enzymes catalyze the 

formation of quinones or alternatively, free radicals from 

phenols or aromatic amino acids such as tyrosine. The free 

radicals or quinones thus formed are stabilized by linkage to 

form dimers, or linkage with peptides or amino acids. This 

latter reaction imparts a brown color to the structure, and 

is a step in melanin synthesis by melanin-producing strains 

of Pseudomonas aeruginosa: similar reactions lead to melanin 

production in fungal cells (Haider et al., 1973; Martin et 

al., 1973). 
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Lysis of microbial cells releases oxidative coupling 

enzymes into the soil, where they are either rapidly 

degraded, or are immobilized on clay particles or humic 

substances (Stotsky, 1986). Some immobilized enzymes have 

been found to retain their activity in soils (Burns, 1986). 

Oxidative coupling by free soil enzymes is a generally 

accepted mechanism accounting for the condensation of 

phenolic structures and N-containing compounds which make up 

humus, as well as the covalent bonding of polysaccharide and 

aliphatic acid chains to the polymer (Varadachari and Ghosh, 

1984). 

Schnitzer reported that in the range of normal soil pH, 

and at the concentrations normally reported for humic and 

fulvic acids in soils, these compounds can be expected to 

occur as large, flexible polyelectrolytes. The net effect of 

oxidative coupling, then, is the formation of a polymer with 

a high degree of functional group reactivity, large enough to 

react with two or more soil mineral particles (Schnitzer, 

1986) and not easily recognized as substrate by soil enzymes 

(Stout et al., 1981). Humic substances are positively 

correlated with soil aggregation, and are especially 

important to long-term stabilization of aggregates (Tisdall 

and Oades, 1982; Sposito, 1989). 
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Redistribution of Organic Matter 

Van Veen et al. (1981) regarded microbial biomass as a 

"transformation station, whereby materials are taken up, 

converted into new products, and subsequently released 

actively or passively" before becoming part of the native 

soil organic matter. In addition to the aggregating processes 

already discussed, the production of microbial biomass has 

consequences on the long-term stability of soil aggregates, 

mainly through the conversion of readily metabolizable 

compounds to highly stable compounds. The processes leading 

to this stability involve physico-chemical interactions 

between the cell wall and the mineral particle surface, and 

physical protection due to location within developing soil 

aggregates. 

Using 14C-glucose as substrate, Paul (1984) followed the 

decomposition of glucose, the production of microbial 

biomass, and the turnover of the decomposer populations 

during a 7-year field study. The C02 generation pattern 

resulting from decomposition of glucose and the resulting 

microbial biomass was similar to that resulting from wheat 

straw decomposition. The glucose was rapidly metabolized, 

with 29% generated as C02 in 2 days. Turnover of the primary 

microbial population, however, exhibited a two-compartment 

decomposition pattern: one fraction corresponded to microbial 

cytoplasm and was 40% degraded in 30 days. The second 
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fraction, which represented microbial cell wall material, had 

a half-life of 3450 days; this compares with the half-life of 

wheat lignin, which was 2653 days. One conclusion of this 

study was that in a 30 day period, turnover of simple sugars 

through the microbial biomass results in the mineralization 

of 69% and protection of 31% of the added carbon. The 

mechanisms involved in organic matter protection are 

controlling factors in the accumulation of soil organic 

matter and in the long-term stability of soil aggregates 

(Paul, 1984). 

The interactions between the microbial cell wall and the 

mineral particle surface may alone account for the 

preservation of the "old" soil organic matter fraction, which 

contains 50% of the soil N and has a half-life of 

approximately 600 years. The proposed mechanism is between 

amino groups, primarily of muramic acid, glucosamine, and 

galactosamine, and negatively charged clay surfaces (Parsons, 

1981; Paul and Clark, 1989). Strong complex formation between 

the amino acid alanine and soil minerals has also been 

reported (McKeague et al., 1986). These N-containing 

compounds are important constituents of microbial cell walls 

which are rapidly degraded when added to flask cultures of 

microbes, but are protected from degradation by the addition 

of small amounts of clay to the culture (Stotsky, 1986). 
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Due to the small size of bacterial cells (approximately 

0.2 fjm diam) and to the discontinuity of pore spaces within 

soil aggregates, bacteria may develop as single-species 

colonies in soil voids inaccessible to the majority of the 

decomposer population. This physical trapping of bacteria and 

their metabolites was demonstrated with electron microscopy 

by Foster et al. (1981) and Ladd et al. (1993) . The exclusion 

of decomposers and the typically low Eh of this environment 

favor accumulation of the organic molecules within. Many 

researchers view this as a situation of mutual protection: 

access to the organic substrate by soil enzymes is greatly 

reduced due to the presence of the aggregate, while 

destruction of the aggregate by physical forces is reduced by 

the binding forces of the protected organic matter (Jenkinson 

and Ladd, 1981; Ladd et al., 1993). 

Objectives 

The impact of microbes on structure development during 

the early stages of pedogenesis has not been investigated. 

Based on the literature available, it would appear that the 

addition of a readily metabolizable C source such as glucose 

would result in aggregation due to polysaccharide production. 

With time, the effect may decrease due to degradation of the 

polysaccharide binding agents. Alternatively, the organic 

matter may be stabilized by some of the mechanisms described 
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above. The opportunity exists to study this phenomenon while 

seeking a solution to a current environmental nuisance. 

A mining operation generates solid waste vs extracted 

metals in ratios on the average of 2 5,000:1 either in the 

form of rock or tailing. The tailing is piped as pulp to 

above-ground ponds, the walls of which are constructed from 

the finely crushed material itself. These steep mounds of 

tailing are subject to erosion, cementation, and surface 

crusting. Establishment of vegetation, which would minimize 

these problems and create an aesthetically pleasing 

landscape, is hindered by these very factors. The situation 

is compounded by steep slopes and low plant nutrient status 

typical of tailing pond embankments. (Goodman, 1974). There 

currently exists a need for an innovative, technological 

approach to enhancing the process of organic matter 

incorporation and soil development on tailing wastes (Tate, 

1987) . 

According to Tate and Klein (1985), successful 

reclamation relies on 1) the development of an active 

microbial community, 2) the development of soil structure and 

biogeochemical cycling of plant nutrients by the microbial 

community, and 3) the induction of microbial functions 

following the introduction of organic materials such as 

sludges or compost. 
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The objectives of the current research project were to 

1) test the hypothesis that inoculation of tailing with soil 

microbes will accelerate the process of tailing aggregation, 

2) determine the minimum concentration of both microbial 

inocula and nutrients necessary to induce significant 

aggregation of tailing particles. While Tate and Klein 

recommended sludges and/or compost as organic amendments, the 

current study sought to test the effects of a water-soluble 

nutrient amendment which alone did not confer aggregation. In 

this way, the effect of microbial growth alone on aggregation 

of mine tailing could be measured with minimal interference 

from introduced organics. 
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CHAPTER 2 

MATERIALS AND METHODS 

Characterization of Tailing Material 

Tailing was obtained from the slopes of a tailing pond 

embankment at the ASARCO Mission Mine Complex copper mine in 

southwestern Arizona. Particle size, cation exchange 

capacity, electrical conductivity, pH, and heterotrophic 

plate counts were made prior to amendment of the tailing. 

Cation exchange capacity was performed according to the 

method of Chapman (1965), using 60% isopropyl alcohol 

followed by saturation with IN NaOAc, rinsing with 60% 

isopropyl alcohol, and removal of Na+ with IN NH4OAc. Na+ in 

the extract was determined by the Soil, Water, and Plant 

Analysis Laboratory, University of Arizona. Electrical 

conductivity (EC) and pH were determined on 1:1 

(tailing:distilled water) extracts. Particle size analysis 

was determined by the pipette method. 

Preparation of Microcosms 

Microcosms were assembled in 0.5 L glass jars (QorpakR). 

Tailing (sieved <2mm) was sterilized by autoclaving (2 h) and 

added to microcosm jars at 300 g dry tailing per jar. Jars 

plus tailing were autoclaved for an additional 30 min and 

allowed to cool overnight. Controls included those designed 

to test the effect of zero nutrients as well as the effect of 
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zero microbial activity. Nutrient solution was prepared as a 

stock solution containing: (NH4)2HP04, 0.91184 g; NH4N03, 

5.7824 g; glucose, 55.60 g per L distilled water. The 

nutrient solution was sterilized by autoclaving. The pH of 

the stock solution was 6.5. The stock solution was then 

serially diluted 1:10 three times with sterile distilled 

water. Four microcosms received 54 ml of the first dilution 

(1:10), four of the second dilution (1:100) and four of the 

third dilution (1:1000), corresponding to glucose amendments 

of 1000 ppm, 100 ppm, and 10 ppm, respectively. The ammonium 

nitrate and ammonium phosphate concentrations amended C:N:P 

ratios to 100:10:1 in each microcosm. Thus, the nutrient 

solution designated 1000 ppm contained 400 ppm C, 40 ppm N 

and 4 ppm P. The nutrient solution designated 100 ppm 

contained 40 ppm C, 4 ppm N and 0.4 ppm P. The nutrient 

solution designated 10 ppm contained 4 ppm C, 0.4 ppm N and 

0.04 ppm P. 

Controls included four microcosms amended with sterile 

distilled water, 54 ml; one microcosm amended with glucose, 

5.56 g, plus sterile distilled water, 54 ml; and one micro

cosm amended with (NH4)2HP04, 0.091184 g; NH4N03, 0.57824 g, 

plus sterile distilled water, 54 ml. 

Microbial inocula were obtained by two methods. The 

first involved mixing desert soil (textural class: sand; 

Santa Rita Experimental Station) with tailing at a ratio of 
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1% (w/w) soil to tailing. The second method involved 

extracting desert soil (same location as above) in a solution 

of 6//M Zwittergent, 0.2% Na-hexametaphosphate. Bacteria in 

the extract were grown for 30 h in peptone yeast broth (5% 

Bacto Peptone, 3% Bacto Yeast Extract, Difco Laboratories, 

Detroit, Michigan), and harvested by centrifuging at 11,950 

x g for 12 min. Harvested cells were brought to 10 ml volume 

with sterile distilled water, then serially diluted twice 

more (1:10) to obtain 3 initial inoculum densities, 

designated HIGH, MEDIUM, and LOW. Four microcosms (one of 

each nutrient concentration plus a distilled water control) 

received 1 ml of the HIGH inoculum density, and so on for the 

MEDIUM and LOW inoculum densities. In addition, the microcosm 

amended with glucose alone and the microcosm amended with 

ammonium phosphate and ammonium nitrate alone received 1 ml 

of the MEDIUM inoculum density. Four control microcosms (one 

of each glucose concentration plus a distilled water control) 

received 1 ml of sterile distilled water in lieu of an 

inoculation. 

Addition of nutrient solution (54 ml) plus microbial 

inocula (1 ml) amended the gravimetric moisture content of 

the tailing to 18.3%. Tailing and amendments were thoroughly 

mixed until homogeneous. Microcosm jars were loosely capped 

and wrapped with Parafilm. 
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On day 14, a second dosage of nutrient solution was 

added. Microcosms required the addition of less than 5 ml 

nutrient solution to amend the gravimetric moisture content 

to 18%. Therefore, rather than the addition of 54 ml of the 

nutrient solutions described above for the initial 

amendments, 4.4 ml of the higher concentration of nutrient 

solution was added. Thus, microcosms were amended with 800, 

80, 8 ppm glucose on day 14, rather than 1000, 100, and 10 

ppm. 

Microbial Enumeration 

One gram samples of tailing were extracted with 9.5 ml 

of extracting solution (6 /;M Zwittergent-0.2% Na-

hexametaphosphate) and diluted serially in 0.85% sterile 

saline. Heterotrophic bacterial plate counts were performed 

using the spread plate technique. The plating medium 

contained peptone yeast agar (Bacto Peptone, 5%; Bacto Yeast 

Extract, 3%; Bacto Agar, 15%; Difco Laboratories, Detroit, 

Michigan). Czapek Solution Agar (Difco Laboratories, Detroit, 

Michigan) was used to enumerate fungi. All dilutions were 

plated in duplicate. Results are reported as colony forming 

units per gram of tailing (CFU g"1) . 
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Aggregate Analysis 

Aggregate analyses were performed according to the wet 

sieving technique described by Kemper (1965) with the 

following modifications. 

1) Four replicates of approximately 4 g samples of 

aggregates of 1 to 3 mm in diameter were placed onto sieves 

of the same mesh size. For the first study, in which soil was 

applied directly as a microbial inoculum, a mesh size of 

0.6mm (#30) was used. For the second study, in which varying 

concentrations of cells grown in peptone yeast broth were 

applied as microbial inocula, a mesh size of 1.16mm (#16) was 

used. 

2) The mechanical sieving apparatus used accommodated 

eight sieves. Each samples was immersed in an individual 

water bath containing 84 ml deionized water at a frequency of 

38 cycles minute-1. For the first study, samples were agitated 

through water for 3 min 30 sec. For the second study, the 

agitation time was reduced to 3 min. 

3) Samples were evaporated in a soil drying oven at 

110°C for 24 h and weighed. Material which passed through the 

sieve was then subtracted from the initial dry tailing 

weight, and the percent aggregated material arrived at by 

difference. A correction factor was applied to account for 

primary particles with a diameter larger than the mesh 

diameter used. For the first study, the correction factor was 
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5.6% and for the second study, the correction factor was 

0.43%. 

Scanning Electron Microscopy 

Samples were primary fixed in phosphate buffered 4% 

formalin-1% glutaraldehyde, cryoprotected in tannic acid, 

fixed with rutheninium tetroxide (0.5%) to preserve 

extracellular material, and treated with two rinses of freon 

tetrafluoride. After critical point drying, samples were gold 

sputter coated and viewed with the I.S.I DS-130 Scanning 

Electron Microscope. All sample processing, viewing, and 

darkroom work were conducted under staff supervision at the 

Electron Microscope Facility, Arizona Research Laboratories, 

Division of Biotechnology, The University of Arizona campus. 

Pore Size Distribution 

Pore size distribution was estimated with a hanging 

water column. Flexible TygonR tubing was filled with 

distilled water by siphon. One end was connected to 50 ml 

burettes, the other end to the water-filled bottom portion of 

150 ml Pyrex funnels with water-saturated ceramic fritted 

disks (pore size 4.5-5 >£/m) . Samples were placed on top of the 

ceramic disk, and both the funnel and the burette covered 

with ParafilmR (perforated). Air bubbles were not present in 

any of the columns initially nor during the course of the 

study. Saturation was achieved by equilibrating the water 
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level in the burette to the top of the soil sample. This was 

taken as the reference level. Samples were then raised to 25, 

50, 100, 150, and 2 00 cm, and the level of water in the 

burette was allowed to equilibrate against the tension 

applied by the soil with each incremental increase in height. 

Moisture contents were taken before each sample was raised to 

a new height. These data were an indication of the hydraulic 

conductivity of which is a function of pore size 

distribution. 

Germination Efficiency 

Germination efficiency was determined by seeding pots of 

treated and untreated tailing with Sporolobus crvptandus at 

the rate of 45 seeds per 200 g tailing. Fertilizer (Miracle 

GroR) was applied at a rate equivalent to 38, 75, and 38 

pounds of N, P, and K per acre, respectively. Fertilizer was 

mixed into the tailing in dry form prior to seeding. Pots 

were uniformly hand watered with a trigger-spray bottle. 

Garden soil (sandy clay loam) was treated similarly to 

correct for seed viability. Germination was recorded daily 

for the first week, then weekly until after one week, no new 

seedlings emerged. 
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CHAPTER 3 

RESULTS 

Chemical and Physical Characteristics of Tailing 

Results of selected chemical and physical properties of 

unamended tailing are shown in Table 1. The cation exchange 

capacity (CEC) was considerably lower than that normally 

found in arable soils of this textural class, probably due to 

the lack of organic matter. The electrical conductivity value 

indicates that the tailing was not excessively saline. The pH 

value shows that the tailing was slightly alkaline. 

Microbiological Characteristics of Tailing 

Tailing contained two predominant types of 

streptomycetes which together numbered approximately 500 

CFU's g-1. Colonies on Czapek Solution Agar were 3-4mm in 

diameter and white with powdery surfaces or yellow with 

sticky surfaces. Both colony types adhered to the agar. Cells 

from both colony types were filamentous and gram positive. 

These were determined to be actinomycetes. Large (2-2.5cm), 

white, filamentous fungal colonies were present at less than 

10 CFU g-1. Heterotrophic bacteria were present at less than 

100 CFU's g"1. 
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Table 1. Chemical and physical characteristics of tailing 

Particle Size Analysis (%) 

< 0.05mm 31.13 
0.05-1.0mm 17.63 
0.10-0.25mm 34.10 
0.25-0.50mm 10.98 
0.50—1.00mm 5.65 
1.00-2.00mm 0.51 

Cation Exchange Capacity 
3.3 meq/100 g 

Electrical Conductivity 
2.4 mmhos/cm 

EH 7.66 
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When tailing was supplemented with nutrients, bacterial 

growth was stimulated (Table 2). Most growth, i/e 5.5 x 108 

CFU g"1, occurred in tailing supplemented with glucose, 

ammonium nitrate, and ammonium phosphate incubated 27 days. 

Neither addition of glucose alone nor addition of ammonium 

nitrate plus ammonium phosphate stimulated growth above 

background numbers resulting from no additional nutrients. 

These data indicate that tailing is deficient in the three 

major nutrient elements, carbon, nitrogen, and phosphorous. 

Table 2. Effect of nutrient additions on bacterial growth 
in tailing 

Treatment1 HPC (x 106)2 

C, N, & P 5453 

no C Ha 

no N or P 32a 

distilled water 18a 

1 C as glucose <1000 ppm), N and P as ammonium nitrate (104 ppm) and 
ammonium phosphate (16.4 ppm). A gravimetric moisture content of 18.3% was 
achieved in all microcosms through a combination of 54 ml nutrient 
solution (or distilled water) plus 1 ml of cell suspension, MEDIUM 
inoculum density. 

2 HPC after 27 days. Initial HPC was 3.3 x 10s 

3 Values followed by the same letter do not differ significantly (LSDg 05). 



30 

Effect of Varying Substrate Concentration 
on Microbial Growth and Aggregate Formation 

in Tailing Inoculated With Soil 

Desert soil, as a source of naturally occurring 

microbes, was added to tailing at 1% (w/w). The HPC of the 

mix was 2.2 x 105 per gram of tailing. This mixture was in 

turn amended with nutrients at varying nutrient 

concentrations. Nutrient concentration directly affected 

bacterial growth over a three week sampling period (Figure 

1) . In the amended and unamended samples, growth was rapid 

for the first 3 to 5 days, then levelled off through day 11. 

Extent of growth was highest in the sample amended with 1000 

ppm. A second application of substrate (day 10) had little 

effect in stimulating additional growth, even at 100 and 1000 

ppm concentrations. After 11 days, population levels in the 

zero and 10 ppm treatments gradually declined over the 

remaining 10 day incubation period. Final population 

densities were 4.5 x 106, 5.5 x 106, 6.5 x 107, and 1.5 x 108 

CFU g-1 for the zero, 10, 100, and 1000 ppm treatments, 

respectively. Final population densities for the zero and 10 

ppm treatments were not significantly different (LSD0 05) . 

Aggregation was also affected by nutrient concentration. 

A significant increase in aggregation (> 0.6mm) was observed 

after 6 days incubation for the tailing amended with 1000 ppm 

nutrient (Figure 2) . Percent aggregation remained constant 

until day 15, then increased markedly to 78% by day 23. 



31 

8.5 

7.5 

7 • — 
O) 

0- 6.5 

None 

10 ppm 
100 ppm 
1000 ppm 

5.5 

1 6 11 

time (days) 

16 21 

Arrow indicates second nutrient amendment. 

Figure 1. Effect of nutrient concentration on microbial 
growth in tailing inoculated with soil. 



32 

13 40 

O) O) 
co 30 

None 

10 ppm 

100 ppm 

1000 ppm 

time (days) 

Arrow indicates second nutrient amendment. 

Figure 2. Effect of nutrient concentration on 
aggregation of tailing inoculated with soil. 
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Aggregation in the 10 ppm and 100 ppm treatments showed 

similar trends but were not as extensive. In the former case, 

35% aggregation occurred and in the latter case 50% 

aggregation occurred after 23 days. Aggregation in the 

unamended control increased less than 10% over the same 

period of time. Final increases in aggregation were 

proportional to increases in nutrient concentration (r2=.76) 

Effect of Varying Substrate Concentration and 
Inoculum Density on Growth of Bacteria 

Microbes were extracted from soil, cultured in peptone 

yeast broth, and inoculated into tailing at three levels. 

Plate counts showed that there were 8.2 x 104, 3.33 x 105, and 

2.77 x 107 CFU g-1 microbial cells per gram of tailing at the 

onset of the experiment for the LOW, MEDIUM, and HIGH 

inoculum treatments, respectively. The effect of varying 

substrate concentration on growth at these inoculum densities 

was studied. At the low inoculum density, rapid growth 

occurred within the first 4 days of incubation and rate of 

growth was proportional to substrate concentration (Figure 3-

1.) Maximum growth was attained after 4 days and maximum 

population densities were also proportional to substrate 

concentration. Although additional substrate was added on 

day 14, growth was not stimulated but remained relatively 

constant over the remaining 14 day period. Data for MEDIUM 

(Figure 3-2) and HIGH (Figure 3-3) inoculum densities were 
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Arrow indicates second nutrient amendment. 

Figure 3-1. Effect of substrate concentration on microbial 
growth in tailing receiving LOW inoculum. 
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Figure 3-2. Effect of substrate concentration on microbial 
growth in tailing receiving MEDIUM inoculum. 
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Figure 3-3. Effect of nutrient concentration on microbial 
growth in tailing receiving HIGH inoculum. 
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similar. It is of interest to note that irrespective of 

inoculum size maximum cell populations were controlled by 

nutrient concentration. For example, in those microcosms that 

received 1000 ppm substrate, maximum cell populations were 

108-7, 108-9 and 108'9 at LOW, MEDIUM, and HIGH inoculum 

densities respectively. 

The overall treatment effects of substrate concentration 

and initial inoculum density on maximum cell density are 

summarized in Table 3. For each inoculum treatment, there 

were no significant differences in maximum cell numbers 

between the 0 ppm and 10 ppm substrate treatments. The 100 

ppm was the minimum substrate concentration which showed a 

significant increase in growth, and differences between 

growth resulting from 100 ppm and 1000 ppm were significant 

in every case (LSD0>05) . 

For the 0 and 10 ppm substrate treatments, increasing 

inoculum density from LOW to MEDIUM did not affect maximum 

cell numbers, while the increase from MEDIUM to HIGH resulted 

in a significant increase in maximum cell numbers. For the 

100 and 1000 ppm treatments, the inverse was observed: 

increasing the inoculum density from MEDIUM to HIGH did not 

affect maximum cell numbers, while the increase from LOW to 

MEDIUM resulted in a significant increase in cell numbers. 

Analysis of variance (ANOVA) shows that differences in HPCs 
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were more likely to be due to substrate concentration than 

inoculum size (P<0.001 vs P<0.900). 

Table 3. Effects of nutrient concentration and inoculum 
density on maximum HPC's 

Heterotrophic Plate Count (x 106) 

Inoculum 
Density Nutrient concentration 

0 ppm 10 ppm 100 ppm 1000 ppm 

LOW 16.0^ 26-4aA 150 500 

MEDIUM 18*5aA 30-5aA 260A 800A 

HIGH 90.0a 140a 260a 785a 

Values within a row with the same small case letter do not differ 
significantly (LSD 05) 

Values within a column with the same capital letter do not differ 
significantly (LSD 05) 

Summary Analysis of Variance 
F PR>F 

Effect of nutrient concentration 13.89 0.001 
Effect of inoculum density 0.08551 0.900 
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Effect of Varying Substrate Concentration and 
Inoculum Density on Aggregation 

The effect of LOW, MEDIUM, and HIGH inoculum densities 

on aggregation (> 1.16mm) of tailing supplemented with 0, 10, 

100 and 1000 ppm substrate was determined. 

Under conditions of zero substrate (Figure 4-1), there 

was no significant increase in tailing aggregation during the 

first week irrespective of inoculum size. After 27 days of 

incubation, however, aggregation in microcosms supplemented 

with MEDIUM and HIGH treatments doubled. The uninoculated LOW 

treatments showed no significant increase. 

Figure 4-2 shows the results of the 10 ppm nutrient 

treatment. The data are not significantly different from 

those achieved using zero nutrient for any of the inoculum 

sizes. 

Treatment with 100 ppm nutrient resulted in increases in 

aggregation within one week's incubation (Figure 4-3). After 

27 days incubation, all inoculated treatments showed 

significant increases over the uninoculated control. For 

comparison with Figures 4-1 and 4-2, the MEDIUM and HIGH 

treatments again showed similar aggregation patterns. 

However, the final aggregation achieved with 100 ppm (Figure 

4-3) was significantly different for these two treatments: 

50% for the HIGH vs 38% for the MEDIUM. This contrasts with 

the results obtained with zero and 10 ppm nutrient (Figures 

4-1 and 4-2). 
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MEDIUM 

HIGH 

35 — 

o> a> 

time (days) 

Arrow indicates second addition of distilled water. 

Figure 4-1. Effect of inoculum density on aggregation of 
tailing receiving distilled water only. 
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Arrow indicates second addition of nutrient, 8 ppm, day 14. 

FIGURE 4-2. Effect of inoculum density on aggregation of 
tailing amended with 10 ppm nutrient solution. 
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Arrow indicates second nutrient amendment. 

Figure 4-3. Effect of inoculum density on aggregation of 
tailing amended with 100 ppm nutrient solution. 
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After one week's incubation with 1000 ppm nutrient 

(Figure 4-4), all inoculated treatments showed similar 

increases in aggregation, irrespective of initial inoculum 

size. Over the remaining incubation period, aggregation with 

the HIGH inoculum increased to 53%, the MEDIUM to 45%, and 

the LOW to only 32%. All final values were significantly 

different (LSD0 05). 

The overall treatment effects of nutrient concentration 

and inoculum density on aggregation (day 27) are summarized 

in Table 4. The uninoculated control showed no difference in 

aggregation regardless of nutrient concentration. Within each 

inoculum density, 10 ppm glucose showed no significant 

improvement in aggregation over 0 ppm. For the MEDIUM 

inoculum, increasing the nutrient concentration from 100 to 

1000 ppm resulted in significant increases in aggregation 

after 27 days. For the LOW and the HIGH inoculum treatments, 

this ten-fold increase in nutrient concentration had no 

effect (LSD0-05) . 

Within each nutrient treatment, increasing the inoculum 

density from LOW to MEDIUM resulted in a significant increase 

in aggregation. Increasing the inoculum density from MEDIUM 

to HIGH had no effect at the zero and 10 ppm treatments, but 

was significant for the 100 ppm and 1000 ppm treatments. 

Analysis of variance (ANOVA) shows that increases in 

final aggregation were more likely to be due to the initial 
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time (days) 

Arrow indicates second nutrient amendment. 

Figure 4-4. Effect of inoculum density on aggregation of 
tailing amended with 1000 ppm nutrient 
solution. 
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Table 4. Effects of substrate concentration and inoculum 
density on tailing aggregation. 

Aggregation (%) 

Inoculum 
Density Nutrient concentration 

NONE 

LOW 

MEDIUM 

HIGH 

0 ppm 

19. aA 

20 

38 

39 

aA 

adB 

aB 

10 ppm 

19 

24 

42 

41 

aA 

aA 

abcB 

100 ppm 

20_ 

aB 

32,. 

38 

50v 

bd 

1000 ppm 

19a 

32b 

53w 

Values within a row with the same small case letter do not differ 
significantly (LSD Q5) 

Values within a column with the same capital letter do not differ 
significantly (LSD 05) 

Summary Analysis of Variance 

Effect of nutrient concentration 
Effect of inoculum density 

F 
0.9754 
90.22 

PR>F 
0.950 
0.001 
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inoculum density than to nutrient concentration (P<0.001 vs 

PC0.950). 

Irrespective of nutrient concentration, uninoculated 

controls showed no significant increase in aggregation after 

27 days incubation. The MEDIUM and HIGH inoculum treatments 

showed very similar aggregation patterns under all substrate 

conditions: aggregation increased slowly but steadily during 

the first three weeks and then increased markedly during the 

last week of incubation. 

Scanning Electron Microscopy 

Figure 5 is an electron micrograph of an untreated 

control sample. Extensive scanning did not reveal the 

presence of aggregates or of microbial colonies. 

Tailing amended with the HIGH inoculum, 1000 ppm 

nutrient solution was sampled for scanning electron 

microscopy after 30 days incubation, in order to compare the 

treatment showing the greatest increase in aggregation with 

the untreated control. Figure 6 is an electron micrograph of 

a sample, magnified 9 62X. The diameter of the aggregate is 

approximately 100 micrometers. A colony of coccoid bacteria 

is a component of this aggregate. Figure 7 is a view of this 

colony, magnified 7.27KX. This micrograph is evidence for 

the in situ production of extracellular polysaccharide 

material by this colony. 



I 

Figure 5. SEM of uninoculated tailing, incubated with 
distilled water only, 920X. 
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Figure 6. SEM of tailing after 3 0 days incubation with 
HIGH inoculum, 1000 ppm nutrient solution, 
962X. 

I 
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Extracellular polysaccharide material is being produced 
in situ by this colony of coccoid bacteria. 

t 

Figure 7. SEM of tailing after 30 days incubation with 
HIGH inoculum, 1000 ppm nutrient solution 
showing cellular morphology, 7.27KX. 
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Additional scanning of the sample showed that coccoid 

cells were predominant in terms of cellular morphology. Rod-

shaped cells were also present, but were less numerous. 

Pore Size Distribution 

The source of amended sample for this experiment was the 

HIGH, 1000 ppm treatment after 27 days* incubation, followed 

by 2 weeks' refrigeration while the hanging water column was 

constructed. The means of duplicate samples were recorded 

for generation of the desorption curves in Figure 8. The 

desorption curve shows that from saturation through 60 cm 

tension, water was released from the amended, but not the 

unamended tailing. Under moderate tension, the amended sample 

continued to release water at approximately the same rate, 

and the unamended also began to release water. At the higher 

tensions, the amended had fewer water filled pore spaces, and 

thus a lower moisture content, than the unamended. The 

untreated tailing overall held less water at saturation, and 

released less of this water, up through -0.196 bars tension 

(200 cm). 

Germination Efficiency 

The MEDIUM, 100 ppm treatment was used for the 

germination experiment. Tailing incubated with distilled 

water only was used as a control. Garden soil (sandy clay 

loam) was used to indicate seed viability. 
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Control was sampled after 28 days incubation with distilled 
water only. Amended was sampled after 28 days incubation with 
HIGH inoculum (2.77 x 107) plus nutrient solution, 1000 ppm 
at time = 0, plus second nutrient amendment, 800 ppm, on day 
14. 

Figure 8. Tailing desorption curve. 
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Results are shown in Figure 9. Surface crusting of the 

untreated tailing was evident, and the seedlings which 

germinated did so in cracks which appeared across the 

surface. In the treated tailing, a crust did not form, and 

seedlings germinated in a random arrangement across the 

surface. The garden soil, serving as a control for seed 

viability, showed that approximately 44% of the seeds used in 

this experiment were viable. 
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Control was untreated tailing. Amended was sampled after 28 
days incubation with MEDIUM inoculum (3.33 x 105) plus 
nutrient solution, 100 ppm at time = o, plus a second 
nutrient amendment, 80 ppm, on day 14. Garden soil was used 
to indicate seed viability. 

Figure 9. Germination efficiency. 
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CHAPTER 4 

DISCUSSION 

The approach of mine tailing reclamation from a soil 

genesis perspective, as suggested by Tate and Klein (1985), 

requires the introduction of soil microbes to tailing 

material in order that any organic matter subsequently added 

may become intimately incorporated with the mineral fraction 

of the matrix. This process is prerequisite to the 

development of soil from parent material, and is an important 

mechanism in the formation and stabilization of soil 

aggregates (Martin et al., 1955). 

In the present study, the minimum microbial inoculum and 

the minimum nutrient concentration necessary to affect 

improvements in tailing aggregation were determined. In 

addition, the relevance of the microbial biomass itself to 

the organic matter component of soil, particularly during the 

early stages of pedogenesis, was demonstrated. 

Results showed that 1) the addition of microbes to 

tailing in concentrations as low as 105 per gram of tailing 

resulted in significant increases in aggregation over a 27 

day incubation period, 2) growth of microbes added to tailing 

was proportional to the concentration of nutrient added, and 

3) aggregation of primary tailing particles was proportional 

to the number of microbes initially added to the tailing. 
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A number of studies have used either electron microscopy 

or aggregate analyses alone as evidence for the role of the 

biota in soil aggregation (Waters and Oades, 1991). However, 

as pointed out by Jastrow and Miller (1991), coupling of 

these two methods of analysis is necessary to conclusively 

prove that microbes are responsible for improvements in 

aggregation over time. In the current study, aggregate 

analyses confirmed that tailing particles were being bound by 

a mechanism stable to the slaking forces of water applied by 

wet sieving. Simultaneously, electron micrographs showed that 

microbial colonies which formed between adjacent tailing 

mineral particles were directly involved in the deposition 

and incorporation of organic matter into the previously 

abiotic matrix of the parent material. The lack of change in 

the uninoculated controls is further evidence for the role of 

microorganisms in the aggregation observt,:' This observation 

agrees with those that Peele and Beale (1940) and McCalla et 

al. (1957) made with soils. 

Microbial population densities in microcosms which 

received only distilled water or 10 ppm nutrient reached 

approximately 107 CFU g-1, regardless of initial inoculum 

size. This indicated that the low organic matter content of 

the tailing was sufficient to support population numbers 

comparable to those of sandy desert soils (Atlas and Bartha, 

1993) . Based on a conservative estimate of C requirements, 
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approximately 70 ppm glucose would have been necessary to 

support another doubling of population numbers. This would 

explain the similarity between the distilled water and 10 ppm 

nutrient treatments. Assumptions are that 1) the average mass 

of a bacterial cell is 1.2 x 10~12 g (dry weight), and is 

approximately 55% C and 2) on the average, 50% or glucose 

added is respired as C02 after 2 days, leaving only 50% to 

contribute to microbial growth (Fenchel and Blackburn, 1979). 

A glucose concentration of 1000 ppm, which corresponds 

to a C concentration of 400 ppm, would have been sufficient 

to bring the HIGH inoculum density to 331 million CFU g-1. 

Thus, even at the highest nutrient concentration used in this 

study, glucose-C was limiting with respect to a self-

sustaining microbial population. The second nutrient 

amendment did not result in an increase in population 

numbers; rather, growth in most microcosms stabilized or 

declined after this point. Higher nutrient concentrations 

were not added, as these may induce osmotic shock and lysis 

of microbial cells when added to soils (Wu et al., 1993). 

The effect of substrate concentration on aggregation was 

apparently diminished by the effect of initial inoculum size. 

The electron micrographs suggest that microbial colonies do 

not cover the entire surface of the tailing matrix, but that 

where microbial activity is present, there is likely to be a 

particle binding effect. Thus, the effect of initial inoculum 
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density may have been related to the amount of surface area 

which could be colonized by the respective inocula. However, 

the effect of initial inoculum density may have been two

fold. In all treatments receiving MEDIUM or HIGH inocula, 

irrespective of nutrient concentration, aggregation increased 

markedly between day 19 and day 27. Although this study was 

not designed to elucidate the mechanisms involved in 

aggregation, a few explanations for the above observations 

are possible based on previous works with soils. 

Martin et al. (1974) and Van Veen and Paul (1981) have 

shown that certain components of the microbial biomass may 

serve as substrate for secondary decomposer populations, 

while other components may contribute significantly to the 

accumulation of the stable fraction of soil organic matter. 

These researchers showed that certain portions of microbial 

cell mass synthesized upon decomposition of glucose were more 

resistant to degradation than even plant lignin. Martin et 

al. (1959, 1974) and Sugai and Schimel (1993) determined that 

while cytoplasmic constituents of microbial biomass were 

readily available substrates, cell wall material was highly 

recalcitrant. This recalcitrance is due, at least in part, to 

the strong association between microbial cell walls 

(particularly N-containing sugars and amino acids) and 

negatively charged mineral particle surfaces (McKeague, 

1986). Many investigators have recently suggested that the 
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long term stability of soil aggregates may be due to the 

accumulation of byproducts resulting from partial 

decomposition of microbial polysaccharides and microbial cell 

mass (Barry et al., 1991; Dinel et al., 1992; Martens and 

Frankenberger, 1992b). This may explain the relationship 

between initial inoculum density and aggregation observed in 

the current study. 

The change in pore size distribution which was observed 

for the amended tailing is indicative of a change in 

hydraulic conductivity, which was not significant at the 0.05 

probability level. The tailing held more water at saturation 

than the unamended, and less water under high tension than 

the unamended. The change in pore size distribution which 

occurred was probably due to aggregation of the smaller 

mineral particles, which created some large pore spaces in 

the amended tailing. Larger pore spaces release water held 

within under slight to moderate forces of suction, while 

smaller pore spaces require greater suction to release the 

same amount of water. The desorption curve for the amended 

tailing is smoother than that for the unamended tailing, 

suggesting that the amended tailing has a larger range of 

pore sizes, which 1) allowed more water to be held initially 

and 2) allowed for the release of that water under the range 

of moisture tension of interest to plant growth. Future 
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investigations on the effects of microbial amendments on 

hydraulic conductivity seem warranted by these results. 

Germination in the amended and unamended tailing 

indicated that conditions were favorable conditions for 

seedling emergence. The seeds were obtained in 1993 and 

stored without refrigeration, which may account for the low 

seed viability shown with the garden soil control. 

Nevertheless, the amended tailing showed an increase in 

seedling germination over the control. Rogers et al. (1991) 

found good correlation between seedling emergence and 

aggregate stability in soils amended with algal extracellular 

polysaccharides, and attributed this to crust reduction. In 

the current study, the surface of the untreated tailing was 

hard, and formed a crust between watering treatments. A 

penetrometer reading at this time would have confirmed 

whether or not this was the reason for reduced germination in 

the unamended control, but was not performed. 

The use of soil as a capping material in mineland 

reclamation is a common practice. Thus, microorganisms are 

introduced to a given site without consideration for their 

potential to ameliorate the physical condition of the 

tailing. This study showed that the introduction of a minimal 

number of microbes (105 per gram of tailing) along with a 

carbon and energy source was an effective means of increasing 

the percentage of water stable aggregates in the laboratory. 
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Since moisture conditions representative of the environment 

in the field were maintained, the data suggest that 

inoculation with soil derived microorganisms coupled with 

nutrient enrichment may be a feasible means of initiating 

structure development, reducing erosion and crusting, and 

improving seedbed conditions prior to hydroseeding of tailing 

embankments. In addition, this study demonstrated the 

significance of microbial activity and organic matter 

turnover during the early stages of pedogenesis of tailing. 
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