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ABSTRACT. A heap of solid wastes after bacterial leaching of a copper sulphide ore still contained considerable amounts of sulphide minerals (mainly pyrite) and some toxic heavy metals. The heap was inhabited by acidophilic chemolithotrophic bacteria and after rainfall was a source of acid drainage waters generated as a result of the spontaneous bacterial activity. The inhibition of this process was achieved by constructing a two-layer cover on the wastes (from down to the top): 15 cm permeable sand layer and 35 cm soil layer with a high fertility due to the addition of suitable mineral and biological fertilizers and planted with different herbaceous plants – alfalfa (Medicago sativa), vetch (Vicia tenufolia), clover (Trifolium repens) and red fescue (Festuca rubra).
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Резюме. Халда от твърди отпадъци след бактериално излугване на медна сулфидна руда съдържаше все още значителни количества сулфидни минерали (главно пирит) и някои токсични тежки метали. Халдата беше обитавана от ацидофилни хемолитотрофни бактерии и след дъжд беше източник на кисели дренажни води, генерирани в резултат на спонтанна бактериална активност. Инхибирането на този процес беше постигнато чрез конструиране на двупластова покривка върху отпадъците (отдолу нагоре): 15 см пропусклив пясъчен пласт и 35 см почвен пласт с високо плодородие поради добавянето на подходящи минерални и биологични торове и засаден с различни тревисти растения – люцерна (Medicago sativa), фий (Vicia tenufolia), детелина (Trifolium repens) и червена власатка (Festuca rubra).

Introduction
The generation of acid mine drainage waters containing sulphuric acid and different toxic pollutants (heavy metals, uranium, arsenic, etc.) is an essential environmental problem connected with the mining, processing and storage of rich-in-sulphides (mainly of pyrite) mineral raw materials and wastes (ores, coals, and some secondary products and wastes). The generation of such polluted waters is due mainly to the oxidation of sulphides by some acidophilic chemolithotrophic bacteria which are typical inhabitants of such environments. At present, several methods for treatment of such waters, as well as some methods to prevent their generation are known (Evangelou and Zhang, 1995; Peppas at al., 2000; Schippers et al., 2001; Nicolova et al., 2005).

The prior increasing of the waters pH to about neutral values and the addition of biodegradable organic substrates make possible the efficient growth and activity of sulphate-reducing bacteria which precipitate the dissolved metals and arsenic in the form of the relevant insoluble sulphides by the hydrogen sulphide produced as a result of the process of microbial dissimilatory sulphate reduction. At the same time, the isolation of dumps and heaps consisting of rich-in-sulphides mineral raw materials and wastes by a mixture of solid biodegradable organic substartes (cow manure, plant wastes and compost, straw) and crushed limestone to form rich-in-organics anaerobic zone with slightly alkaline pH was a quite efficient and economically acceptable way to prevent the generation of acid drainage waters. In some cases the above-mentioned mixture is additionally mixed with a similar amount of the sulphide-bearing mineral wastes to form an efficient cover usually of about 30 - 45 cm deep. Some oxygen penetrate from the atmosphere into the top part of this cover and, regardless of the high organic content and alkaline pH, process of chemical and even microbiological oxidation of sulphides takes place. However, the sulphate ions generated as a result of these oxidation processes practically facilitate the growth and activity of the sulphate-reducing bacteria inhabiting the anaerobic zones located below this narrow aerobic part of the cover. These bacteria use the sulphates as electron acceptors in the process of their own anaerobic respiration, i.e. in the microbial dissimilatory sulphate reduction.
The maintenance of such cover is connected with a strict control of the above-mentioned processes and with periodic additions of biodegradable organic substrates and limestone. These procedures can be avoided by the formation on the cover of sufficiently deep (usually about 30 cm, at least) layer consisting of rich-in-organic and mineral nutrients soil inhabited by typical soil microflora and microfauna and maintaining suitable vegetation.

Some data about experiments on the prevention of the generation of acid drainage waters in a heap consisting of rich-in-sulphides mining wastes are shown in this paper.
Materials and Methods

   A sample consisting of 6 tons of mining wastes from the dumps at the Vlaikov vrah copper mine was used in this study. Data about the chemical composition and some essential geotechnical properties of the wastes are shown in Table 1.

Table 1.
Data about the composition and some properties of the mining wastes used in this study

	Parameter
	Value

	Bulk density, g/cm3
	1.76

	Specific density, g/cm3
	2.88

	Porosity,%
	48

	Permeability, cm/h
	12.7

	pH (H2O)
	2.51

	Iron, %
	2.80

	Copper, %
	0.15

	Sulphur, %
	2.93

	-sulphidic, %
	2.51

	-sulphatic, %
	0.42

	Net neutralization potential, kg CaCO3/t
	-36.0


Pyrite was the main sulphide mineral in the sample. Chalcopyrite was the main copper-bearing mineral but the secondary copper sulphides, mainly the covellite, were also well present. Quartz was the main mineral of the host rock.
The sample material was crushed to a particle size less than 20 mm and was used to construct a small heap in a wooden box (2 m long, 1.2 m wide, 2.3 m high) with bottom and walls isolated by impermeable plastic sheets. Four outlets located at the bottom on the four walls of the box were constructed to collect the heap effluents. Before adding the wastes, an aeration system consisting of several perforated plastic tubes was constructed in the box. The top surface of the heap was open and an irrigation system consisting of perforated plastic tubes located directly on the wastes was constructed and connected with pumps supplying diluted sulphuric acid solution (with a pH of 1.8) at a rate within the range of 0.05 – 0.10 l/kg wastes per 24 h to maintain the relative humidity of the wastes at about 75 – 80 %. Water-saturated air was injected by a compressor through the aeration system inside the heap to maintain the content of dissolved oxygen in the pore solution at levels higher than 5 mg/l. A late-log-phase mixed microbial culture of the acidophilic chemolithotrophic bacteria Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans was used to inoculate the heap. These bacteria originated from the relevant natural populations inhabiting the dumps at the Vlaikov vrah copper mine and the inoculum was de facto an enrichment culture grown in a nutrient medium with the composition of the 9 K nutrient medium (Silverman and Lundgren, 1959) but with the wastes as a sole source of energy.
A large amount of inoculum (50 l with about 5.108 cells/ml) was introduced into the heap together with diluted sulphuric acid solutions. These inoculated solutions were circulated through the heap for a period of two weeks. A rich community of acidophilic chemolithotrophic bacteria was established in this way. Most bacteria were firmly attached on the waste particles and their density exceeded 108 cells/g. The density of bacteria in the pore solutions was higher than 107 cells/ml.
The generation of acid drainage waters was carried out by irrigating the heap by pure waters once per week at a rate of 0.25 l/kg waste per 24 h. The heap effluents were collected, analyzed and then rejected from the system.

After a period of 45 days, the top 15 cm of the mining wastes were mixed with a mixture consisting of solid biodegradable organic substrates (cow manure, plant wastes and compost, straw) and crushed limestone to form a relatively homogeneous organic-mineral layer 25 cm deep. This layer was covered by a 10 cm layer consisting only of the additives (the organic substrates plus the crushed limestone). The organic substrates contained rich microbial communities consisting mainly of various heterotrophic microorganisms. After the formation of this cover, the irrigation of the heap was continued in the way used earlier for a further period of 90 days. During this period, fresh batches of the organic mixture and of limestone were periodically added to maintain a stable configuration of the heap cover.
After this 90 day-period a new two-layer cover was constructed on the surface of the heap (from down to the top): 15 cm permeable sand layer and 35 cm soil layer with a high fertility due to the addition of suitable mineral and biological fertilizers and planted with different herbaceous plant-alfalfa (Medicago sativa), vetch (Vicia tenufolia), clover (Trifolium repens) and red fescue (Festuca rubra). After the construction of this new two-layers cover the irrigation of the heap with water was continued for about four months with periodic analyses of the heap effluents.

Elemental analysis of the liquid samples was carried out by means of atomic absorption spectrometry and inductively coupled plasma spectrometry. Elemental analyses of the solid samples were carried out by digestion and measurements of ion concentrations in solution by the above-mentioned methods. The isolation, identification and enumeration of microorganisms were carried out by methods described elsewhere (Groudev, 1990; Escobar et al., 2008).
Results and Discussion 
   The heap used in this study was, after irrigation, an intensive source of acid drainage (Table 2). The generation of these waters was connected with the oxidative activity of the acidophilic chemolithotrophic bacteria which inhabited the heap (Table 3). The distribution of these bacteria was mostly confined to the top layers of the heap (down to about 0.5 – 0.7 m from its surface) with densities as high as in excess of 108 cells/g mining wastes. However, the application of an enhanced aeration and a homogeneous humidity by means of the relevant systems constructed in this operation made even the bottom zone of the heap suitable for the bacterial growth and activity.
Table 2.

Composition of the heap effluents before and after the treatment

	Parameters
	Before treatment
	After treatment

	pH (H2O)
	2.1 – 2.8
	7.12 – 7.38

	Eh, mV
	440 – 585
	(-145) – (-250)

	TDS, mg/l
	880 – 3150
	375 – 1410

	Solids, 
	28 – 91
	12 – 32

	Dissolved O2, mg/l
	2.1 – 4.1
	0.1 – 0.2

	DOC, mg/l
	0.8 – 1.7
	21 – 68

	Sulphates, mg/l
	480 – 1540
	240 – 554

	Iron, mg/l
	352 – 1770
	3.5 – 19

	Manganese, mg/l 
	9.1 – 25
	0.3 – 0.8

	Copper, mg/l
	46 – 145
	< 0.5

	Zinc, mg/l
	8.2 – 35
	< 0.5

	Cadmium, mg/l
	0.02 – 0.08
	< 0.01


   It was found that both the bacterial density and activity increased during the rest periods (without irrigation with a duration of 6 days each) between two consecutive irrigations of the heap. This was connected with the mass transfer of oxygen and fluxes of reactants and products within the heap material. The optimum humidity was in the range of about 70 – 75 % from the water retention capacity of the wastes. The addition to the heap of ammonium and phosphate ions dissolved in the irrigation water had only a slight positive effect on the number and activity of the chemolithotrophic bacteria. This was due to the fact that the natural concentrations of these ions as a result of the leaching and of the biological processes in the heap (usually in the range of about 10 – 15 mg/l for each of these ions) were sufficient to maintain the bacterial growth and activity at relatively high levels.

Table 3. 
Microflora of the heap effluents before and after the treatment

	Microorganisms
	Before treatment
	After treatment

	
	until 45th day
	46 - 135th day
	136 - 257th day

	Fe2+-oxidizing chemolithotrops (at pH 2)
	105 – 108
	101 – 103
	0 – 101

	Aerobic hetero-trophs (at pH 2)
	0 – 102
	0 – 102
	0 – 102

	Aerobic hetero-trophs (at pH 7)
	0 – 101
	101 – 103
	0 – 101

	S0-oxidizing chemolithotrophs (at pH 7)
	0 – 101
	0 – 102
	0 – 101

	Anaerobic hetero-
trophs (at pH 7)
	0
	105 – 107
	105 – 107

	Cellulose-degrading anaerobes
	0
	103 – 105
	104 – 106

	Sulphate-reducing bacteria
	0
	104 – 106
	105 – 107

	Denitrifying bacteria
	0
	102 – 104
	103 – 105

	Fe3+-reducing bacteria
	0
	102 – 105
	104 – 106

	Bacteria fermenting sugars with gas production
	0
	103 – 106
	105 – 107

	Methanogenic bacteria
	0
	0 – 102
	0 – 103

	Fungi
	0 – 101
	0 – 101
	0 – 101


   The temperature inside the heap varied during the experimental period in the range of about 7 – 23 oC and had a clear effect on the bacteria and on the generation of acid drainage waters (Table 4). It must be noted, however, that the temperature variations within the huge dumps during the different climatic seasons are relatively much smaller.
Table 4.

Bacterial activity in situ in the heap
	Temperature, oC
	Heap effluents in 9 K nutrient medium

	
	Fe2+ oxidized for 5 days, g/l
	14CO2 fixed for 5 days, counts/min.ml

	7 – 12
	3.05 – 4.25
	11600 – 12800

	12 – 18
	4.82 – 6.48
	14000 – 19800

	18 – 23
	6.57 – 8.75
	20100 – 23500


The addition of solid biodegradable organic substrates and crushed limestone to the heap changed the existing environmental conditions and created a completely different ecosystem. This ecosystem was not favorable for the acidophilic chemolithotrophic bacteria and their number and activity in the heap were severely decreased (Table 3 and 4). This resulted in ceasing the generation of acid drainage (Table 2).
The surface rich-in-organics cover on the heap was inhabited by an abundant and diverse community of aerobic heterotrophs, including different cellulose-degrading microorganisms. These aerobes used intensively the oxygen coming from the air and dissolved in the water and in this way created an anaerobic system in the heap. The upper layer of the heap consisting of mining wastes, solid biodegradable organic substrates and limestone was characterized by a slightly alkaline pH (in the range of about 7.5 – 8.0) and a positive net neutralization potential. The increase of the pH was due to the alkalinity generated during the processes of microbial dissimilatory sulphate reduction and ammonification taking place in this anaerobic system.
Some anaerobic bacteria inhabiting the treated heap were able to solubilize some heavy metals from the wastes by means of secreted metabolites, mainly organic acids. Some bacteria were able to solubilize iron and manganese by the process of anaerobic respiration in which Fe3+ and/or Mn4+ were used as electron acceptors. It must be noted, however, that the concentrations of such pollutants in the heap effluents were negligible for a relatively long period after the treatment of the heap. This was due to the precipitation of the heavy metals as the relevant insoluble sulphides by the hydrogen sulphide produced in the process of the microbial dissimilatory sulphate reduction or as the relevant hydroxides and carbonates as a result of the alkalinization of the heap. At the same time, the heap effluents contained some dissolved organic compounds. These compounds can be easily removed by means of microbial degradation carried out by active or passive treatment systems.
The maintenance of the above mixed organo-mineral cover during a period of 90 days was connected with periodic additions of the biodegradable organic substrates and limestone at ratios allowing the prevalent and efficient growth of an anaerobic microbial community of different heterotrophic bacteria under conditions of a slightly alkaline pH and clearly negative redox potentials (lower than minus 150 mV).

The final construction of the new two-layer cover consisting of a down layer of quartz sand and a top layer of leached cinnamonic soil efficiently prevented the generation of acid drainage (Tables 2 and 3). The fertility of the soil was increased by amendments of two fertilizers rich in biogenic elements and stimulants essential for the agriculture. One of these fertilizers was produced by a prior leaching of activated sludge to decrease its content of heavy metals, and the other was an active culture of “silicate” bacteria (related to the species Bacillus circulans) producing gyberelines. The soil maintained an efficient growth of suitable herbaceous plants (Table 5), as well as a stable anaerobic system within the heap.
Table 5.
Effect of the pretreated activated sludge and biomass of “silicate” bacteria as fertilizers at the cultivation of different herbaceous plants on the soil used as a cover on the mining wastes

	Plants grown in the soil cover on the mining wastes
	Fertilizer

	
	Pretreated sludge
	Mineral fertilizer
	Control

	
	Recovery of fresh plant biomass (g/m2)

	Alfalfa
	950
	824
	460

	Clover
	792
	730
	512

	Red fescue
	835
	747
	415

	Vetch
	743
	703
	410


Conclusion

   The application of suitable covers on the heap consisting of rich-in-sulphides mining wastes was an efficient way to create anoxic alkaline conditions and to prevent the generation of acid drainage waters. The covers are necessary to contain biodegradable organic compounds and alkalizing components such as carbonates. The cover consisting of a down layer of quartz sand and a top layer of a rich-in-organics slightly alkaline soil was the most efficient with this respect. The microbial degradation of the organic components of the soil and the leaching of carbonates generate as a result of its irrigation slightly alkaline solutions containing dissolved organic compounds. These solutions penetrate though the permeable sand layer to the mining wastes and create a system suitable for growth and activity of the sulphate-reducing bacteria. In this system the solubilization of toxic elements from the wastes is practically impossible.
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