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"Non, mule lois non, ii n'existe 
pas une categorie de sciences aux 
queues on puisse donner le nom de 
sciences appliquées. 

Ii y a la science et les applications 
de Ia science, liées entre elles comme 
le fruit a l'arbre qui I'apporte." 

(Pasteur, 1871) 

No, thousand times no, there is no 
category of science which could be 
named applied science. 

There are science and applications 
of science related to it as the fruit to 
the fruit-bearing tree. 

(Pasteur, 1871) 

PREFACE 

This volume is published in the framework of the International 
Project on Microbiological Leaching of Metals from Ores initiated by 
the UNEP/UNESCO/ICRO Panel on Microbiology and implemented 
under an official agreement between the United Nations Environment 
Programme, the USSR State Committee for Science and Technology, 
and the Environment Protection Committee of the People's Republic 
of Bulgaria, in cooperation with the Council for Mutual Economic 
Assistance. 

The Institute of Microbiology of the USSR Academy of Sciences, 
Moscow, acts as the focal point for the Project. 

The objective of the Project is to contribute to the training of 
specialists from developing countries in various fields, such as micro-
biological hydrometallurgy, biogeotechnology, and development 
and application of low-waste technologies promoting rational use of 
natural resources. 

Under the Project's programme, an International Training Course 
on Microbiological Leaching of Metals from Ores was held on May 24 
to June 20, 1982, for trainees from developing countries. Theoretical 
principles of bacterial leaching were taught at the Institute of Micro-
biology of the USSR Academy of Sciences, Moscow, while classes 
on theoretical and practical aspects of dump leaching were held in 
Bulgaria at the Higher Institute of Mining and Geology, Sophia, and 
at the NIPRORUDA Institute, Sophia, as well as at the Vlaikov Vryh 
mine. Tank leaching technique was covered at the Department of 
Experimental Research of the Ministry of Geology of the USSR, Tula. 



The International Seminar on Modern Aspects of Microbiological 
Hydrometallurgy held in Moscow on June 21-26, 1982 was attended 
by the Course trainees and internationally reputed scientists in this 
field who presented papers on recent research advances in biogeo-
technology. 

This volume comprises both papers presented at the International 
Seminar and lectures, in a revised form, delivered at the International 
Training Course. 

Presentations included in this volume cover a wide spectrum of 
microbiological and technological problems related to the use of 
bacteria in biogeotechnology as well as their role in geochemical 
processes. It is shown that microorganisms can efficiently be used for 
dressing ores and other types of mineral raw materials, for extracting 
metals from solutions and for oxidation of methane in coal mines. 

INTRODUCTION 

The importance of microorganisms in the turnover of matter in 
nature was first established by Louis Pasteur over a hundred years 
ago. His findings provided the foundation for a new branch of science: 
general microbiology. The concepts originally introduced by Pasteur 
were later brilliantly developed by S. Winogradsky, M. Beijerinck, 
W. Bavendamm, P. Dorff, R. Lieske, H. Molish, E. Newman, C. van 
Niel, S. Waksman, C. ZoBell, V. Vernadsky, V. Omeliansky, G. Nad-
son, B. Isatchenko, V. Tauson, N. Kholodny, V. Butkewich and 
other researchers. It is largely due to their efforts that, in 1930s, 
geological microbiology, studying the involvement of microorganisms 
in the turnover of chemical elements in the biosphere, has been 
established as a science in its own right. 

For a long time geological microbiology was regarded as a purely 
theoretical science due to the enormous time span of geological pro-
cesses. 

The mining of mineral deposits by man, however, has been des-
troying the natural environment that kept minerals intact for thou-
sands of years, thus providing conditions for a markedly greater rate 
of oxidation and reduction processes. Gradually, it has become 
obvious that many microbiological processes in mineral deposits 
are so intensive that they can be of practical importance. This resulted 
in the emergence of a new branch of geological microbiology in the 
last two decades: biogeotechnology. Biogeotechnology is concerned 
with applications of microorganisms for geotechnological mining and 
processing of minerals; for metal extraction from solutions; and for 
industrial effluent treatment with a view to removing metals and pro-
tecting the environment. 
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Today, the following principal domains of biogeotechnology can be 
listed: 

1. Biogeotechnology of metals: 
biohydrometallurgy, i.e. biological leaching of metals from mine-
ral raw materials (ores, concentrates as well as wastes and inter-
mediate products of various industries); 
biodressing, i.e. biological treatment of mineral raw materials for 
the purpose of making them suitable for further processing or 
utilization, e.g. low-grade bauxite ore treatment, removal of iron 
from sands, kaolins and clays as well as of arsenic from suiphide 
concentrates and of phosphorus from manganese ores, use of 
microorganisms or microbial metabolites in flotation; 
biological accumulation and concentration of metals from preg-
nant solutions; 
biological treatment of industrial effluents containing ions of 
heavy metals; 
biological desulphurization of coal and oil, production of sulphur 
from sulphates; 
studies on the role of microorganisms in element concentration 
in nature and in formation of mineral deposits. 

2. Use of microorganisms for enhanced oil recovery. 
3. Oxidation of methane in coal layers utilizing microorganisms. 
4. Studies on the role of microorganisms in the corrosion of various 

materials. 
Any domain of biogeotechnology includes the following research 

objectives: 
Physiological characteristics and growth and development pat-
terns of microorganisms with regard to particular techniques 
of metal production; 
Ecology and geochemical activity of microorganisms in mineral 
deposits and in rocks; 
Simulation of microbiological processes and development of 
flow charts for processing various minerals; 
Commercial testing of mineral processing technologies utilizing 
microorganisms, their economic assessment and introduction; 
Study of the role of microorganisms in the solution of the 
problem of the environment protection. 

This volume consists of 7 parts containing lectures where all the 
above mentioned problems of biogeotechnology of metals are treated 
in varying degree of detail. The introductory paper highlights the 
history of this science, its objectives and major trends in its develop-
ment both in the present and in the future. 

This volume is intended for various categories of readers including 
microbiologists, biotechnologists, geochemists, geotechnologists, Wand 
other specialists dealing with the problems of minerals extraction and 
processing. 



BIOGEOTECHNOLOGY OF METALS, ITS HISTORY, TASKS AND 
TRENDS OF DEVELOPMENT 

G.I. KARAVAIKO 
Institute of Microbiology, USSR Academy of Sciences, Moscow 

S.N. GROUDEV 
Higher Institute of Mining and Geology, Sofia, Bulgaria 

INTRODUC'FION 

Biogeotechnology of metals is the scjence of extracting metals from 
ores, concentrates, rocks, and solutions under the impact of microor-
ganisms or their metabolites at normal pressure and at temperature of 
5 to 900C. These processes are largely connected with the direct 
effect exerted by the bacteria on the minerals (oxidation or reduction), 
and also with the effect exerted by their metabolites such as mineral 
and organic acids, proteins, peptides, polysaccharides, peroxides and 
others. At the present time, at least three types of microbiological 
processes important for metal recovery are known. 

Oxidation of suiphide minerals, elemental sulphur, ferrous iron 
and a number of other metals in reduced form, by lithotrophic micro-
organisms. 

Formation by organotrophic microorganisms of organic and 
inorganic compounds, peroxides, etc., capable of disintegrating the 
minerals in rocks through dissolution, formation of complexes and 
chelates, and oxidation of individual chemical elements. 

Formation by organotrophic microorganisms of a large amount 
of biomass and also of organic compounds capable of accumulating or 
precipitating non-ferrous metals and rare elements from solutions. 

Biogeotechnology of metals as a science concentrates on the study 
of biological, chemical, physico-chemical and other processes aimed 
at providing a technology for dressing ores and processing industrial 
products. 

The main tasks facing this science are the following: 
The study of the geochemical activity of microorganisms during 

the hypergenic processes occurring in mineral deposits and weathering 
crusts, the isolation of new microorganisms active in the leaching and 
enrichment of minerals as well as the study of microbial communities 
and their role in these processes. 

The selection of highly active microbial mutants, the study of the 
physiology of their growth and development"in extreme technological 
conditions of metal extraction. 

The study of the mechanism and kinetics of biological leaching 
of metals from ores and concentrates, and also of the ore dressing and 
extraction of metals from solutions, 



4. The study of the complex of technological measures involved 
in extracting metals by the biological methods as well as of the 
economics of technological processes. 

THE HISTORY OF BIOGEOTECHNOLOGY OF METALS 
Leaching of metals. Methods of leaching copper from ores have 

been known since the 15th century. Thus, back in 1497 in Northern 
Hungary copper was obtained by the cementation method [1]. In 
1566, in the same place a complete cycle of leaching was carried out 
using an irrigation system. Around 1750 two hundred tonnes of ce-
ment copper were obtained annually by the hydrometallurgical 
method. In Germany the leaching of copper from dumps was also 
practised in the 16th century [2].  Forced dump leaching of copper 
ores began to be used in Spain at the Rio Tinto mine in 1725. However, 
copper was extracted from the mine waters here as early as 1670 [ 3 ]. 
In the territory of the USSR dump leaching was carried out in Keda-
bek (Azerbaijan) at the end of the last century [4].  In America 
leaching of copper from ores was begun in the 1920s at Bisbee (Ari-
zona) and Tyrone (New Mexico) [3, 51. 

In the USSR the extraction of copper from solutions obtained from 
mines of copper-pyrite deposits was widely practised in the Urals 
from the mid-1940s to the fifties. In 1949, 5,730 tonnes of copper 
were mined. An occasional practice was to wet the ore either by water 
or by mine drainage solutions. 

Later on, dump leaching of copper was begun by a number of 
companies in the south-western part of the USA, in Peru, Africa, 
Australia, Yugoslavia, Bulgaria, and other countries. 

In the sixties, the industrial underground leaching of uranium was 
begun in Canada. Later, some other 'ountries began the leaching of 
uranium (Portugal, theUSA, SouthAfrica, and France). The essence 
of this technology consisted in the ores, primarily oxide ores or pyrite-
containing suiphide ores, being wetted with weak solutions of sulphuric 
acid (pH 1.5-2.0) containing ions of iron. It was considered that the 
leaching process was carried out chemically. 

DISCOVERY OF THE MICROORGANISMS IMPORTANT IN 
HYDROMETALLURGY 

At the end of the last century for the first time the Russian scientist 
Winogradsky formulated the concept of lithotrophy. There can be 
no doujt that his research stimulated the study of the role of micro-
organisms in the cycle of sulphur and other elements in nature. Soon, 
in 1902, the eminent Dutch microbiologist Beijerinck isolated a new 
autotrophic microorganism Thiobacillus thioparus, which was able 
to oxidize sulphur and a number of its reduced compounds at high 
pH values of the medium. 

Rudolfs and Helbronner were the first to conduct research (in 
1921-1922) which showed that some unidentified sulphur oxidizing 



microorganisms were capable of oxidizing pyrite and sulphidei of zinc 
[6,7]. 

At the same time, Waksman and Joffe [8] isolated the autotrophic 
acidophiic microorganism Thio bacillus thiooxidans which was able 
to oxidize sulphur and a number of its reduced compounds to sulphuric 
acid. 

The first suggestions concerning the role likely to be played by 
bacteria in the formation of suiphates in mine waters at coal deposits 
were made by Carpentor and Herndon in 1933 [9],  but they did not 
succeed in establishing the biological nature of this process experimen-
tally. 

The first evidence of the biological oxidation of ferrous iron at low 
pH were obtained by Colmer and Hinkle in 1947 [10].  They isolated 
a pure culture of bacteria Thiobacillus ferrooxidans which were 
responsible for the oxidation of Fe 2  in acid mine waters. 

These pioneering works by American microbiologists undoubtedly 
laid the foundation for the development of biogeotechnology of 
metals. A quantitative evaluation of the role ofT. ferrooxidans in the 
oxidation of Fe2  and of sulphide minerals was made later [11-14]. 

In the same period the occurrence of T. ferrooxidans in nature was 
studied in the main, and it was shown that the chief habitation of 
these organisms was the acid drainage waters in coal mines and 
deposits of sulphide ores. It became increasingly obvious that T. ferro-
oxidans are important for the development of the zone of oxidation 
and natural leaching of metals from ores. These processes gained 
special strength in ore mining when ore was crushed and access was 
provided for the surface water and oxygen. 

Thus, in the period from 1947 to 1960 the main physiological 
features of T. ferrooxidans were essentially revealed and also its occur-
rence in nature, which allowed the direct solution of the practical 
tasks of leaching non-ferrous metals and uranium from ores, using 
microorganisms. 

THE FIRST PRACTICAL STEPS IN BIOGEOTECHNOLOGY OF METALS 
The first patent for the utilization of T. ferrooxidans for formation 

of Fe2  (SO4
) 3 

 in the technology of leaching metals from ores and for 
processing of sulphide concentrates was granted in the USA in 1958 
[15] and was used commercially indumpleaching of copper in the 
Bingham Canyon [ 1 6]. 

In the USSR, the first pilot industrial tests on underground biolo-
gical leaching of copper were conducted in 1964 by Golomzik, Nagir-
nyak, and Karavaiko at the Degtyar mine [4]. These tests allowed a 
quantitative evaluation to be made of the activity of T. ferrooxidans 
in natural conditions and to prove the possibility of intensi-
fying their activity in industrial conditions at a lower temperature 
(11-15°C). 



In this period and later on, the presence of T. ferrooxidazs was 
proved in ore dumps and in solutions of the installations at most 
deposits where dump and underground leaching of copper or uranium 
had already been started [4, 5, 17, 181. It became obvious that T. fer-
rooxidans was found everywhere in ores and solutions where there was 
dump and underground leaching of copper, uranium and other metals 
and was important for intensification of such an ancient natural pro-
cess of great industrial significance. At the present time, considerable 
quantities of copper and uranium are obtained by the dump and 
underground methods throughout the world with the help of bacteria. 

The science of tank biological leaching of metals from ores and con-
centrates is considerably younger. Ten to fifteen years were needed to 
cover the way from laboratory experiments with diluted pulp (S : L = 
1 : 50, 1: 100) at the beginning of the sixties to semi-industrial tests on 
thick pulps (5: L = 1 : 5) in the mid-seventies as well as from an ex-
tremely low rate of oxidation of sulphide minerals (several mg per litre 
per hour) to technologically acceptable rates (up to 1 g per litre per 
hour and even more) [ 19 ]. The first thing which was done in that 
period was the solution of a technological problem of paramount 
importance, namely a scheme was worked out for the process and 
equipment which allowed continuous leaching in thick pulps. In Cana-
da for the first time the semi-continuous leaching of uranium was 
achieved by the Bureau of Mines by the method of counterflow 
decantation [ 20 ]. 

Somewhat later in the USSR a technological scheme was worked 
out for direct flow leaching of metals in Pachuka tanks with an airlift 
system for agitating and aerating the pulp [21, 22]. This scheme pro-
vided optimal conditions for the life activity of bacteria during the 
processing of sulphide concentrates in a thick pulp. 

Other branches of biogeotechnology of metals such as the use of 
microorganisms in the selective separation of sulphides at the flotation 
stage as well as for the sorption of metals from solutions are in the 
initial stages of development. 

Thus, in spite of the fact that the process of dump and underground 
leaching of metals has been consciously used by man for some 500 
years now, it only became known in the 1950s that bacteria played 
an important role in this technology. Nevertheless, it may be said 
that the processes of microbiological oxidation of sulphide minerals 
in nature occur ever since oxygen and microorganisms have appeared. 

THE MODERN ASPECFS OF BIOGEOTECHNOLOGY OF METALS 

One of the most important tasks facing this science is the search for 
and study of various groups of microorganisms which are promising 
for use in hydrometallurgy. 



At the present time, microorganisms which are promising for the 
extraction of metals are known both among lithotrophs and organo-
trophs. A brief description of them is given below. 

Lithotrophic bacteria. When evaluating the role of microorganisms 
in the leaching of metals and concentrates, usually only the activity 
of T. ferrooxidans is taken into account. Nevertheless, as can be seen 
from the data in Table 1, during the leaching of metals from ores at 
low pH values various lithotrophic bacteria are found which are capab-
le of oxidizing sulphur, Fe 2  or sulphide minerals, and also a number 
of other elements. At the same time, the rate of Fe 2  oxidation, 
according to Keenan, may increase 500,000 times [in ref. 231 and 
that of sulphide minerals by dozens, hundreds and thousands of times 
depending on the specific conditions [4]. 

T. thioparus is capable of oxidizing some sulphide minerals (PbS, 
Bi 2 S 3 , Sb 2 S 3 , FeS) at high pH values [43-45]. Later, a new trend 
emerged in experimental work on the leaching of metals from carbona-
te ores with the help of this group of bacteria [46]. The fact that the 
bacteria important for hydrometallurgy belong to essentially different 
systematic groups (including archaebacteria, for example, Sulfolo bus) 
attracts attention. They are widespread in nature although frequently 
in quantities insufficient to ensure a high rate of oxidation processes, 
at least at low temperatures (Table 2). 

Some bacteria form cenoses not infrequently providing both for 
the oxidation process and for their own existence. For example, 
Leptospirillum ferrooxidans, T. thiooxidans, and T. organoparus are 
found in nature tgether with T. ferrooxidans and are in the final 
count trophically dependent on it. A number of species of bacteria, 
which form cenoses consisting of L. ferrooxidans (which oxidize 

Table 1 

Lithotrophic bacteria and their communities important for hydrometallurgy 

Microorganisms and their 
associations 

Reference Microorganisms and their 
associations 

Reference 

Thiobacillus ferrooxidans 4. 10 Same + T. ferrooxidans 37 
(+ T. acidophilus) 24-29 
Leptospirillu ni ferrooxi- 30-32 Sulfolobus brierley 38-40 
dans 

L. ferrooxidans + Thio- 33, 34 Sulfobacillus thermosul- 41 
bacillus organ oparus fidooxidans 
(T. acid ophilus), Same + L. ferrooxidans 42 
T. thiooxidans 

Thiobacillus 	TU 1, 2, 3 35,36 T. thioparus 43-45 
T. neapolitanus Our unpub.. 

lished data 
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Table 2 

Occurrence of lithotrophic microorganisms in ores 

Microorganisms Number of cells in 1 ml 
or 1 g 

Reference 

T. ferrooxidans 10' - Our data 
T. thiooxidans up to 10 6  

the r,nosulfidooxidans up to 10 6  
at 22-25°C 
L. ferrooxicians up to 106 Our data 
Thiobacillus TH 1, 2, 3 up to 106  35 

Fe2 ), and T. organoparus or T. thiooxicians (which oxidize S 2 , S° ), 
are capable of oxidizing suiphide minerals as well [33, 34].  Some 
heterotrophic bacteria, for example, Beijerinckia lacticogenes, can 
provide T. ferrooxidans with nitrogen compounds, which leads to the 
intensification of the oxidizing processes and leaching of metals from 
ores in media poor in this element [47, 481. 

Therefore one of the main tasks for the future is to study the role 
of the complex of microorganisms found in ores in the oxidation 
processes during leaching of metals, including tank leaching, and to 
investigate the principles governing the functioning of microbial 
associations during changes in the factors of the medium. 

Thermophilic bacteria have been discovered in considerable 
amounts in the hot spots in ores and in the therms (Table 2). In their 
oxidizing activity at high temperatures, they are no less active than 

ferrooxidwzs [ 49 ], or even much more so [5, 38, 42, 501. Thus, 
thermophiic bacteria are more stable to Mo (up to 2 g per litre) and 
oxidize MoS2  more actively. The thermophiles also exhibit great 
activity in leaching nickel from ores [501. However, thermophiic 
bacteria require the presence of organic substances in the medium. 
In particular, their development activity grows in the presence of yeast 
extract, glucose, and glutamin. 

Experimental research has shown that the thermophiic bacteria 
can utilize organic substances from other mesophiic and therm o-
phiic bacteria; e.g. thermophiic bacteria related to thiobacilli - from 
T. ferrooxidans [37]; S. thermosulfidooxidans - from the thermo-
tolerant bdcterium L. ferrooxidans [421. There are grounds to believe 
that in nature thermophilic bacteria obtain the necessary organic 
substrates both from other bacteria and from solutions and rocks. 

Thus, an important task is that of making an in-depth study of 
thermophiic bacteria and their associations, and of the kinetics of the 
oxidizing processes caused by them for the purpose of using them in 
hydrometallurgy. 
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Orgarotrophic bacteria. Until recently little attention was paid to 
the microbiological processes of the leaching of metals at high pH 
values of the medium. This concerns the processing of all types of 
ores and rocks for which acid leaching processes cannot be employed. 
They include rocks, carbonate ores, etc. The best known technology 
for extracting metals at high pH values is the soda leaching of uranium. 
Microbiological studies during the soda leaching of uranium have been 
conducted by Hungarian researchers [51-54]. It has been shown that 
leaching of uranium at pH 9.5-10 results from chemical and biologi-
cal processes, the mixed microflora being more active than the pure 
cultures during leaching of uranium under such conditions. Soda 
leaching showed the presence of microscopic fungi, microscopic algae, 
and thionic bacteria. The number of these bacteria may be as high as 
106-101 cells per gramme. The most active of them in leaching of 
uranium is T. thioparus, while T. den itrificans and T. novellas are 
somewhat less active. It may be suggested that these bacteria facilitate 
leaching of uranium due to the oxidation of sulphur compounds. The 
heterotrophic microflora facilitate leaching of uranium owing to 
the formation of organic acids, and the algae owing to the release of 
oxygen. 

During the study of microflora from other ore deposits most 
researchers have tried to find specific microorganisms responsible for 
the transformation of various elements. For example, nitrifying 
bacteria, forming nitrous and nitric acids, facilitate leaching of the 
more mobile elements and concentration of the less mobile ones e.g. 
nickel which is accumulated in the crust of weathered rocks, resulting 
in the formation of residual deposits. However, heterotrophic bacteria 
facilitate leaching of Ni since the latter partially migrates in the form 
of complex with organic substances [55, 56]. The specific micro-
organisms must include those reducing chromium and oxidizing 

M04 , and As 3  [57-59]. In auriferous deposits microorganisms 
which possess a great ability to dissolve gold owing to the formation 
of amino acids are widespread [ 60 ]. 

A greater part in the degradation of ores and rocks is evidently 
played by the entire cenosis of microorganisms. The latter ensures 
not only release of elements, but also their migration at high pH values 
owing to the formation of chelates and organic complexes. The study 
of such cenoses is one of the most important tasks facing microbio-
logists. 

There are numerous data available on the utilization of organotrophs 
for leaching metals from rocks and ores. In many cases impurities are 
leached while the ore is enriched and its qualities are improved 
(bauxites, manganese ores). It may be considered that the microorga-
nisms grown on sugars exhibit good activity in leaching metals. 
However, it is difficult to say whether this will be the case when other 
sources of carbon and energy are employed. 
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Therefore, it is necessary to study the role of microorganisms in 
leaching of metals from rocks during the utilization of cheap organic 
substrates. 

Finally, the technological aspects of employing organotrophic 
microorganisms or their metabolites in hydrometallurgy have not 
yet been solved. Thus, Wenberg et al. [61] showed that copper can be 
best leached using solutions from the cultivation of microscopic fungi. 
In this case, a large amount of biomass and organic acids are accumula-
ted because the toxic effect of copper is precluded. 

During leaching of Li by "silicate" bacteria it was shown that this 
element leaches more effectively at pH 3.0 and below, whereas the 
microorganism itself grows in a neutral medium [ 62 ]. 

Leaching of Au proceeds more intensively in an alkaline medium 
while the microorganisms forming amino acids develop at pH 7.0. 
Therefore, this metal is best leached by bacterial metabolites under 
conditions (pH 9-10, high temperature, etc.) precluding the develop-
ment of ordinary microflora, which causes decomposition of the gold-
dissolving substances [ 63 ]. 

A systematic study of the role of thionic bacteria in leaching of 
copper at high pH values is conducted in Poland [46]. Thionic bacteria 
isolated from flotation wastes and developing at pH - 9.0 are used. 
The bacteria oxidize CuS. However, the success of leaching also de-
pends on the availability of cheap complexing agents. 

As complexing agents the authors used Na 2  EDTA and humic acids 
isolated from brown coal, and 93.3 and 73 per cent of copper were 
extracted respectively. It should, however, be noted that many metals 
including undesirable ones, are capable of forming complexes with 
both EDTA and other complexing agents. Therefore, to achieve 
selective extraction of desired elements, the conditions of leaching are 
to be controlled. Baner and Lindstrom [64] showed that at pH 9.5 
addition of CO 2  increased solubilization of copper. At the same time, 
Zn and Ca would not leach, ie. selective extraction of copper was 
achieved. 

The above also shows that the organotrophic microflora greatly 
contributes to disintegration of ores and rocks and to leaching of 
metals. However, the mechanism of this process and the technological 
conditions of its implementation are still insufficiently clear. Their 
study is one of the important tasks facing microbiologists and tech-
nologists. 

PROBLEMS OF INTENSIFICATION OF THE MICROBIOLOGICAL 
PROCESSES OF METAL LEACHING 

The rate of leaching of metals depends on both microbiological and 
physico-chemical and technological factors, the main ones being the 
number and activity of bacteria. 

The activity of the strains of T. ferrooxidans isolated from natural 
substrates and their resistance to heavy metals vary, [65-67] a fact 
determined by the pre-history of their existence [14].  Consequently, 
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when studying the role of bacteria in leaching of metals from ores, one 
should first isolate active strains from natural substrates. These cultu-
res are also used to obtain highly active mutants which are adapted 
to the entirety of extreme factors. 

For tank leaching of metals it has been shown that only a culture 
of bacteria adapted to the entirety of factors occurring in the commer-
cial metal leaching is highly effective and stable [ 68 ]. 

In experiments mutants of T. ferrooxidans were obtained by a 
number of authors 169, 701. Recently the important role of plas-
mids in the resistance of various bacteria to heavy metals has been 
noted [711.  Plasmids have also been discovered in T. ferrooxidans [72]. 
Complications arise in the use of laboratory-bred mutans in leaching 
of metals from ores and concentrates. The introduction of both 
"wild" strains of T. ferrooxidans and mutants into dumps did not 
make the oxidative processes more intensive [73]. Moreover, the 
mutant forms were displaced by the more active "wild" strains of 
bacteria which had adapted to the specific leaching conditions. There-
fore, one of the tasks of intensifying the dump and underground 
leaching of metals from ores is the optimization of the physico-chemi-
cal factors as well as the utilization of large amounts of biomass of 
"wild" strains of bacteria, it is more realistic to use the laboratory-
bred mutants of T. ferrooxidans or other bacteria in tank leaching. 

As is known, the extreme factors of the medium such as low or 
high temperature, high metal concentrations, pH, hyperbaric pressure, 
etc., alone or in combination with other factors, suppress the growth 
of bacteria rather than their oxidizing activity [74-791. Therefore, 
in the presence of such limiting factors the increment in the biomass 
is prolonged in time and the rate of the oxidation processes slows 
down. This makes the use of bacteria in the technology of metal 
leaching economically unacceptable. The problem can be solved by 
using a large amount of bacterial biomass adapted to the entirety of 
factors typical of different technological schemes. 

The data showing the dependence of Fe 2  oxidation activity on the 
density of the bacterial population are shown in Table 3 1 801. 

It can be seen that the rate of Fe 2  oxidation grows sharply as the 
concentration of the biomass increases. 

Table 3 

The dependence of the Fe 2  oxidation rate on the 
density of the bacterial population (t = 28 0C) 

Bacterial 	 Oxidized 'e 2 , 

concentration, 	 gil per hour 

	

0.005 	I 	0.6 

	

1.2 	 15 
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As shown by us, at a temperature of 8 0C an increase in the number 
of cells from 2.5 x 10 to 2.5 x 108  per ml tripled the Fe 2  oxidation 
rate. 

The utilization of the concentrated biomass also allowed the rate 
of leaching of arsenic from gold-bearing concentrate to be increased 
18-fold [81], and that of pyrite to be approximately doubled after 
the number of cells increased from 106  to  108  per ml [821. 

Thus, the most effective means of considerably intensifying the 
oxidation processes both in the dump, underground and tank leaching 
is the utilization of a large amount of biomass of bacteria maintained 
in active state and adapted to the specific technological conditions. 

Another task is to work out an effective method for obtaining a 
large amount of biomass of active bacteria for the purpose of using 
it in hydrometallurgy. In laboratory conditions and in pilot installa-
tions, cells were separated from pregnant solutions by means of centri- 
fugation, filtration or flotation. The method of obtaining the biomass 
in a cultivator with electrochemical reduction of Fe 3  is being deve-
loped [83].  The BACFOX (BACterial Film OXidation) process [84, 851 
has been suggested for Fe 3  regeneration and accumulation of the 
biomass in solution intended for dump and underground leaching of 
metals. 

ROLE OF PHYSICO-CHEMICAL AND CHEMICAL FACTORS 

The rate of bacterial oxidation processes also depends on chemical 
and physico-chemical factors (pH, Eh, 02 and CO 2  content, electrode 
potentials of the suiphide minerals, temperature, mineral composition 
of ores and concentrates, etc.). However, special attention should be 
paid to those factors which not only allow the process to be accelera-
ted but possibly change its nature and direction. For example, in a 
number of works it has been shown that silver ions accelerate bacterial 
oxidation of suiphide minerals to a considerable extent [87, 881. The 
essence of the catalytic action of Ag, accoding to Miller and Portillo 
[89], consists in the followinu. When Ag is added, the following 
reaction occurs: CuFeS 2  +4Ag+ -4 A92  S + Cu 2  + Fe2 . 

On the surface of chalcopyrite a thin layer of silver suiphide is for-
med which consists of spherical particles, Fe 2  is oxidized by bacteria 
to Fe3 . Silver suiphide rapidly reacts with the Fe 3  in the following 
reaction: A92 S + 2Fe3 -4 2Ag+ + S°  + 2Fe2 . 

Further, the cycle is repeated. Attention is attracted by the fact 
that the suiphide oxidation by this mechanism results in formation of 
elemental sulphur rather than of sulphuric acid. 

The advantages of this process may consist in the following: 
instead of weak sulphuric acid one can obtain elemental sulphur 

in the metallurgical process; 
greater selectivity of the oxidation process with regard tc dif -

ferent sulphide minerals may be expected; 
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3) creation of a s.mpler scheme for processing tailing solutions is 
possible. 

This means that attention should be paid to the study of the joint 
effect of chemical and biological catalysts on the process of metal 
leaching. 

Methods for intensification of leaching of metals at high pH values 
have still not been studied sufficiently. The heterotrophic bacteria 
need organic substrates. The rate of leaching of zinc at pH 8.5 from 
suiphide ores by means of T. thioparus increases with the addition of 
Na2  S2  03  (2.5-5.0 g per 1) [86].  Possibly, the thiosuiphate will play 
the same role in the leaching of metals from carbonate ores as do 
Fe2 7Fe 3  during their sulphuric acid leaching with the participation 
of T. ferrooxidans. 

ROLE OF MICROORGANISMS IN ORE ENRICHMENT 

One of the most important tasks to be tackled in dressing poly-
metallic ores is the selective separation of different suiphide minerals 
at the stage of dressing, i.e. at flotation stage. The role of microorga-
nisms in this process has still been poorly studied. It has been shown 
that sulphate-reducing bacteria Desulfouibrio desulfuricans and the 
products of their life activity can act as effective sulphidizers for oxide 
minerals. This process is based on the interaction of hydrosulphide 
ions which are formed during the development of bacteria, with the 
surface of oxide minerals and the formation of suiphides. Flotation of 
oxide lead and copper-molybdenum ores with culture of D. desul-
furicans as a sulphidizer, has shown that the use of this culture in the 
flotation process is technologically and economically feasible [90, 911. 
Furthermore, separation of artificially mixed galenite (PbS) and 
sphalerite (ZnS), and artificially mixed molybdenite (M0S 2 ) and 
chalcopyrite (CuFeS2 ) has shown in principle that sulphate-reducing 
bacteria can be used as a desorbent of xanthate from the surface 
of minerals [92, 931. Those minerals from the surface of which 
xanthate is removed, cannot be floated. This allows the minerals to 
be separated selectively at the flotation stage. Lipids formed by Candi-
da tropicalis during its development on paraffin-containing substrates, 
are used as a substitute for expensive fatty acid collectors during flota-
tion of oxide minerals [93].  Finally, it has been shown that during a 
short treatment by T. ferrooxidans of sulphide minerals (PbS, Cu 2  S, 
CuFeS2 ) their flotation activity is lowered. Both T. ferrooxidans and 
Fe2(SO4)3 deactivated sphalerite which had been activated by ions 
of copper. At the same time, adsorption of xanthate by sphalerite 
decreases by 17 and 2.0-3.6 times respectively [94]. 

Thus, there are grounds for stating that the flotation properties of 
sulphide minerals can be changed with the help of bacteria and that 
this phenomenon may be used for the selective separation of sulphi-
des in ore enrichment. 
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MICROORGANISMS AS BIOSORBENTS OF METALS 

The presence of metal ions in solutions poses two important prob-
lems: their extraction from pregnant solutions and treatment of indu-
strial wastewaters. It has long been known that living organisms are 
capable of accumulating non-ferrous, rare, and precious metals. A ten-
dency has recently been noted for a systematic study to be made of the 
biosorption of metals from solutions and for the utilization of this 
phenomenon for practical purposes. Some data on the sorption of 
metals by microorganisms are cited in Table 4. It has been shown that 
the uranium content of yeasts or bacteria reaches 10-15 per cent of 
the dry weight, that of cobalt 9.9 per cent, and of cadmium 8-15 per 
cent. The rate of sorption depends on the organism (mainly on the 
activity of reactive groups on its surface), temperature, pH, modes of 
preparing the biomass, composition of the nutrient medium, and 
presence of organic substances and other metals [98, 1011. Selectivity 
in the incorporation of individual metals into the cells is reported 
[98]. The mycelium of microscopic fungi (waste of the microbiologi- 

Table 4 

Sorption of metals by microorganisms 

Microorganisms The process 
of sedimentation 

of the metals 

Reference 

Citrobacter sp., P. putida, Biosorption of radioactive 95-109 
B. subtilis, Saccharomyces elements (U) and other 
cerevisiae, P. aeruginosa, metals: Al, Mo, Ag, Cu, 
Rhizopus arrhizus, a mixed Cd, Cr, Mn, Co, Ni, Zn, 
culture of denitrifying bac- Hg, Pb 
teria, S. lipolytica, 
Candida utilis, 
Streptomyces, Mucor rouxii, 
Phycomyces blakesleanus, 
Ghoanephora cucurbitarum, 
algae 
Microscopic fungi (wastes of Biosorption of 109-110 
the microbiological industry) Au, Ag, Pt, Pd 
Zoogloea ramigera Sedimentation of 111 

U and other metals 
Sulphate-reducing bacteria Sedimentation of 112,113 

metals in the form of 
suiphides 

Chromium-reducing bacteria Reduction of Cr, 114 
sedimentation of 
Cr 
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cal industry) is capable of accumulating many metals. Depending on 
the treatment of mycelium and temperature as much as 100 per cent 
of Rb, Hg, Zn, Cu, Ni, Co, Mn, and Cr were extracted from solutions 
whose volume was 50 ml and the concentration of the relevant metals 
was 0.5 mM [102]. The chelating ability of the mycelium of fungi is 
connected with the presence of chitin and chitosan. With the help of 
the mycelium of microscopic fungi, up to 96--98 per cent Ag and Au, 
up to 84 per cent Pt, and 92 per cent Pd may be extracted from gold 
and silver affinage solution [109, 110]. After ashing the precipitates 
contain up to 20 per cent of the total metals. 

A method for extracting metals from solutions with the help of 
polysaccharides, synthesized by Zoogloea ramigera, has been develo-
ped by Swedish scientists 11111. Depending on thepH selective extrac-
tion of the metals U, Cd, Zn is achieved. 

Finally, the existing method of sedimentation of the metals with 
the help of sulphate-reducing or chromium-reducing bacteria is 
employed in removal of metals from waste waters [112--114]. Howe-
ver, both the mechanisms of biosorption of metals and the technolo-
gical basis for utilizing microorganisms in extracting metals from solu-
tions have not yet been studied to a sufficient extent. This is one of 
the urgent problems to be tackled in the near future. 

It is known that the biological accumulation and concentration of 
metal ions occurs both inside the cell and on its surface. The accumu-
lation of metals on the surface of the cell is preferable to its accumu'a-
tion inside the cell. In the former instance, the metals can be easily 
washed away, and the biomas can be used again. In the latter case 
the cells have to be disintegrated to extract the metals. 

ECONOMICS 

The profitability of dump and underground leaching of copper 
from ore has long been known. Thus, Shoemaker and Darrah [115] 
note that dump leaching of copper is characterized by low capital 
inputs. In leaching of copper from oxide ore (Cu -- 0. 5-1.0%) where 
60 per cent of the copper is extracted and 5-9 kg of H2  SO4  is ex-
pended per kilogramme of copper, the main outlays are those for ore 
mining and the consumption of sulphuric acid and scrap iron. The 
operational expenses are estimated at 0.497-0.905 dollars per kilo-
gramme of copper. They can be lowered to 0.382-0.748 dollars per 
kilogramme of copper when cementation of copper is replaced by ele-
ctrolysis or when extractants are used. The cost of one tonne of copper 
in the early years of operation of the dump leaching installations at 
the Nikolaevsky deposit was 152 roubles and in the next few years 
218--353 roubles [116]. The cost of undergrOund leaching of copper 
was also comparatively low, namely 260 300 dollars per tonne in 
Miami [117], 75-85 dollars per tonne in Bor [118], and at the Bing-
ham mine approximately 80 dollars per tonne [in ref. 119 ]. 
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Thus, the cost of copper obtained by the dump and underground 
methods varies depending on many factors (mining and geological 
conditions, type of ore, methods of metal extraction, and so forth). 
The profitability of bacterial leaching of uranium from ore has also 
been shown [ 17 ]. 

The economics of various schemes of the tank leaching of metals 
have been described in a number of works [120-122]. Thus, the ope-
rational costs of the bacterial method for leaching arsenic calculated 
according to the data of large-scale tests are 16-17 roubles per tonne 
and almost two times lower than the expenditure on the autoclave 
leaching of gold-arsenic concentrates [120]. The arsenic content falls 
from 5.8 per cent to 0.5-0.6 per cent. 

Torma [121] gives the following estimate with regard to the econo-
mics of microbiological leaching of a lead suiphide concentrate. The 
minimum extraction of Zn, Cu, and Cd was assumed to be 95 per cent. 
The annual profits are 630,000 dollars. McElroy and Bruynesteyn 
[122] have shown that in processing 200 tonnes of chalcopyrite con-
centrate per day the cost of one pound of copper is approximately 
13 cents, i.e. about the same as that with the pyrometallurgical 
process. 

All the authors note a number of advantages of the bacterial me-
thod of processing, at least, of complex concentrates, avoiding pol-
lution of the environment or cutting down the capital and operational 
costs. 

CONCLUSION 

The recent achievements of microbiology and hydrometallurgy allow 
the existing practice of processing many types of mineral raw materials 
to be significantly changed. First and foremost they allow huge low-
grade ore reserves to be processed as well as the wastes of dressing 
plants and complex suiphide concentrates. Deposits at great depth are 
also made available. 

Until now, only dump and, to a lesser extent, underground me-
thods of biological leaching have been used for industrial recovery of 
copper and uranium from low-grade ores: 

A technology of the tank biological processing of complex copper, 
copper-zinc, lead-zinc and arsenic tin- and gold-bearing concentrates 
has been tested in semi-industrial conditions. 

Laboratory experiments have shown that use of microorganisms 
may be promising for extraction of gold, manganese and other ele-
ments from ores, rocks and wastes of metallurgical works. How-
ever, the technological problems of many of the processes which 
have already been studied, remain to be solved. 

New methods of metal extraction are economically advantageous 
and ensure comprehensive utilization of mineral raw materials. The 
problem of environmental pollution is also considerably alleviated. 

- 

- 
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INTRODUCTION 

Bacterial leaching of non-ferrous and rare metals results from the 
oxidation of sulfide minerals and ferrous iron. Under mesophiic 
conditions acidophilic thiobacilli play a leading role in these processes. 
To date they are most extensively used in hydrometallurgy. At the 
same time there are favourable prospects for the future application in 
bacterial leaching of thermoacidophilic bacteria of the genera Sulfo-
lob us and Sulfo bacillus as well as thermophilic forms of the genus 
Thiobacillus [1, 3].  Studies on the evt1ogy, physiology, and bio-
chemistry of these microorganisms ar ..ieariy needed if concrete prob-
lems of controlling oxidation processes are to be solved with a view to 
intensify them. 

The organisms of the above genera are characterized by the ability 
to oxidize sulfur, divalent iron, and sulfides as sources of energy for 
growth at low pH. Taxonomically the group of microorganisms under 
consideration is very diverse. The genera Thiobacillus, Sulfobacillus, 
and Leptospirillum are incorporated into Eubacteria [41 while Sulfolo-
bus belongs to Archaebacteria [4, 5].  With the G + C content varying 
greatly in thiobacilli species representing the extremities of the 
spectrum (about 20 per cent) [4],  they are likely to represent different 
genera. 

The following is the discussion of the main cytological, physiolo-
gical, and biochemical properties of these microorganisms. 

CYTOLOGY 

The morphology of the bacteria to be examined has a great diver-
sity (Figs 1,2). Thiobacillj are typical pseudomonads, i.e. rod-shaped 
cells (0.5 to 0.8) x (0.9 to 1.5) jim in size with rounded ends and a 
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FLg. 1. Morphological diversity of 
bacteria oxidizing Fe 2  1 , S°, and 

sulfide minerals (total preparations): 
a - T. ferrooxkians; b - T. thiooxi- 

dans; c, d, e —L. ferrooxidans 
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polar flagellum (single as a rule) which enables them to move (Fig. la, b). 
The exception is a nonmotile thermophilic variant [6, 71. Some 
thiobacilli, e.g. T. ferrooxidans form chains in a stationary phase [8]. 
Cell replication occurs by uniform division. A characteristic feature of 
Leptospirillum ferrooxidans belonging to the family Spirillaceae is 
pronounced polymorphism (Fig. ic, d, e) [9-11]. Vibrios 0.9-1.1 11m 
long and 0.2-0.4 pm wide can be observed along with spiral forms 
having as many as two to five spires. Each cell has a polar flagellum 
18-22 nm in diameter. Pseudococci are known to form under un-
favourable growth conditions, i.e. aggregations of vibrios and cocci 
tightly twisted together, with sizes varying over a wide range. They 
reproduce either by uniform division or by separation of one of the 
spires. 

S. thermosulfidooxidans, the only known member of the genus 
Sulfobacillus, also exhibits polymorphism [12-15]. Growing cul-
tures are dominated by rod-like cells (0.6 to 0.8) x (1.0 to 3.0) pm 
in size with rounded or pointed ends, isolated, coupled or forming 
short chains (Fig. 2a). Coccoid, wedge- or knob-shaped cells have 
also been observed. Rudimentary ramification is inherent in this or-
ganism. Its division is effected by septum formation. "Snapping" 
division or breakage is not infrequent, bringing about angular, circular 
or palisade distribution of cells. The flagellum with related structures 
is absent. The organism is able to produce endospores [13-15]. 

Microorganisms of the genus Sulfolo bus are spherical or lobular in 
shape (Fig. 2b) and have a diameter 0.8-1.5 pm [16-22]. The cells 
are nonmotile and lack both the flagellum and endospores. The mode 
of multiplication has not been elucidated in detail. They are believed 
to replicate by septum formation [16, 221 or binary fission through 
cell constriction [20]. 

All these bacteria with the exception of L. ferrooxidans have been 
found to have pili [23, 24]. Besides, unique rhizoidal projections with 
a diameter of about 160 nm have been described in S. the rmosulfido-
oxidans [ 13 ]. 

Various groups of microorganisms growing on ferrous iron, elemen-
tal sulfur, and sulfide minerals are apt to form mucous capsules 
(Fig. la) [12, 13, 25].  Mucus production undoubtedly contributes to 
the fast attachment or adhesion of the cells to a solid substrate. 

The structure of the cell wall varies greatly in acid ophiic bacteria 
oxidizing iron, sulfur, and sulfide minerals, for they belong to diffe-
rent.taxonomic groups and some of them are differently Gram-stained. 
The rippled appearance of the cell wall is a prominent feature of 
thiobacilli [8, 261, its structure being typical of Gram-negative bacteria 
in general. It consists of a lipopolysaccharide membrane, an under-
lying electron-transparent layer of varying thickness, an electron-
dense murein layer, and an internal electron-light layer (Fig. 3a). The 
structure of the cell envelope in L. ferrooxidans is also similar to that 
found in other Gram-negative bacteria [ii I A rigid murein layer ob- 
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servable only in some portions of the section (Fig. 3b) is characteristic 
of the family Spirillaceae [27-29]. Gram-positive S. thermosulfido-
oxidans has a unicomponent cell envelope [14]. The structured 
S-layer is approximately 20-25 nm thick; immediately below is a 
rigid murein layer of the same thickness which is linked by bndges 
with the cytoplasmic membrane (Fig. 3c). The Sulfolobus spp. cells 
are Gram-negative [16]. The cell envelope of these Archaebacteria is 
composed of glycoprotein subunits about 15.5 nm in diameter arran-
ged in a regular hexagonal array; a murein layer is absent [14, 16, 20, 
21,301. 

Acidophiic thiobacilli are characterized by [26, 31] considerable 
morphological diversity of intracellular membrane structures. In ul-
trathin sections of the T. thiooxidans and T. ferrooxidans cells four-
contoured as well as lamellar structures can be seen side by side with 
simple loop-shaped membranes (Fig. 4a, b, c). Younger cultures of 
S. thermo8ulfidooxidans  contain metabolically active cells with a 
complicated cytomembrane system, vesicular invaginations domina-
ting the periphery of the cells. Structures of complex appearance, 
including lamellar bodies are sometimes present [14]. Intracytoplasmic 
structures were shown to be absent in L. ferrooxidans [ 11 ]. 

The central part of the cell appears to be occupied by the nucleid 
electron-transparent areas with DNA strands (Fig. 5). The cytoplasm 
of young cells contains a large number of ribosomes and polyriboso-
mes (Fig. 5). Large electron-dense inclusions, polyphosphates, are 
consistently associated with the nuclear region as a reserve material 
[32, 33].  The periphery of the cell appears to be occupied by poly-
saccharide granules (Fig. 5) [28, 34].  Acidophiic thiobacilli have 
been described, to contain carboxysomes, hexagonal inclusion bodies 
comprising ribuloso-1,5-diphosphate carboxylase - a key enzyme of 
autotrophic carbon dioxide fixation [3]. 

It should be noted that L. ferrooxidans is capable of depositing 
Fe3  on the outer surface of the cell and in this respect resembles 
iron bacteria which are known to form thick ferriferous extracellular 
sheaths [11]. It can be accounted for by the peculiarities of the 
chemical composition of the mucous capsule that synthesizes complex 
compounds containmg Fe3 . The extracellular iron deposition is likely 
to cause intracellular oxygen deficiency and contribute to the for-
mation of coccoid cells (Fig. 6a). Meanwhile the murein layer under-
goes lysis, and the outer cell membrane becomes separated from the 
cell forming a sphere around the organism (Fig. 6b). 

Fig. 2. Morphological diversity of bacteria oxidizing Fe 2  , S° , and sulfide minerals 
(total preparations): 

a - S. thermosulfidooxidans; b - Sulfolobus sp. 
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Fig. 3. Cell wall structure in various 

forms of acidophilic bacteria: 
a - T. thiooxidans; b —L. ferrooxidans 

c—S. thermosulfkiooxidans 

A prominent feature of S. thermosulfidooxidans is endospore 
production. Endospores are 0.7 x 0.7-0.8 im in size, spherical in 
shape, and located in terminal or subterminal portions of the cell 
slightly or considerably dilating sporangia (Fig. 7) [12, 13, 151. The 
process of sporification is similar to that in Bacillus [36] (Fig. 8). 
Both cortex and exosporium of the mature spore of S. thermosul- 



Fig. 4. Structtire of membrane 
apparatus: 

a, b - T. thiooxidans; c - T. ferro- 
oxidans 

I 

fidooxidans are enveloped in a multilayer coat reminiscent of that in 
mesophiic [361 and therrnophiic [37, 38] bacilli. Mature spores of 
this therm ophile have considerable therm oresistance [121. 
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4. 

Fig. 5. Cytoplanic inclusions: 
a, b - T. thiooxidans: c - T. ferrooxidans 

PHYSIOLOGICAL PROPERTIES 

Table represents data on physiological properties of acidophilic 
bacteria oxidizing elemental sulfur, ferrous iron, and sulfide minerals. 
The data show that bacteria of thi" group comprise quite a number of 
microorganisms differing in physiological properties (temperature, 
sources of energy, and constructive metabolism). 

Optimal temperatures vary from 28 0C for mesophiic microorga-
nisms to 50-800C for thermophiic ones. The pH optimum for these 
bacteria falls within a narrow range between approximately 2.0 and 
2.5. Except for certain differences, they utilize the same substrates 
as energy sources. Species of some genera, e.g. T. ferrooxidans, 
S. thermosulfidooxidans, and S. brierleyi obtain energy by the oxida-
tion of both Fe2  and S°  as well as sulfide minerals, while others can 
oxidize either ferrous iron or elemental sulfur. These organisms are 
classified as obligate lithoautotrophs or facultative autotrophs utii- 
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zing CO 2  for constructive metabolism. However, thermophilic bacteria 
require yeast extract for growth. Representatives of Sulfolo bus spp. 
and, to some extent, S. thermosulfidooxidans are able to shift comp-
letely to heterotrophic metabolism. S. acidocaldarius grows on media 
supplemented with yeast extract, tripton, peptone, casamino acids, 
casein hydrolyzate, ribose, and other sugars [16, 19, 55 ]. Restricted 
utilization of either glucose or sucrose has been shown to occur in 
S. thermosulfidooxidans [ 12 ]. 
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Fig. 7. Sporangia and spores of S. thermosulfidooxidons 

The growth and development of autotrophic bacteria are commonly 
inhibited by organic compound [56, 57].  Yet they are also capable of 
syntrophic relationship with heterotrophic organisms. For example, 
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Fig. 8. Formation of spores in S. thermosulfidooxidans: 
a - approximately stage IV; h - transition to stage VII; c - transition to stage VII; 

d - stage VII; e - a fragment of a mat ore spore with stratified covers- 

the presence of Beijerinckia lacticogenes, an acid ophilic heterotrophic 
nitrogen fixer, enhances the oxidation of sulfide minerals by T. ferro- 
oxidans in a medium lacking nitrogen sources [58]. The authors 
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believe T. ferrooxidans to produce organic acids as carbon sources for 
B. lacticogenes and to consume fixed nitrogen. In addition, the accele-
ration of T. ferrooxidans growth in the presence of a heterotrophic 
organism could be promoted by the cons.. nption by the latter of the 
organic acids excreted by the autotroph into the medium. 

A number of authors [59, 60] have demonstrated that some T. ferro-
oxidans strains can utilize organic substrates and shift from an auto-
trophic to a heterotrophic pathway. When incubated for 60 hours in 
various organic media, including complex ones, these strains displayed 
nothing but organotrophic growth. After 7 passages on a glucose-
enriched medium the cells completely lost the capacity to oxidize 
ferrous iron still demanding low pH values. Harrison et al. [61] have 
shown that T. ferrooxidans is capable of oxidizing elemental sulfur, 
ferrous iron, and sulfide minerals and has a different genotype from 
heterotrophic microorganisms. For the oxidation of organic substan-
ces to proceed there must be organotrophic organisms present, such 
as T. organoparus or Acetobacter acidoph ilium [9, 46 ]. 

Bacteria oxidizing Fe 2 , S°, and sulfide minerals at low pH are 
aerobic. If oxygen is deficient, Thio bacillus and Sulfolo bus can utilize 
ferric iron as an electron acceptor, catalyzing its reduction [62] and 
using elemental sulfur as a donor of electrons. According to Brierley 
[55] Suifolobus oxidizes elemental sulfur under unaerobic conditions 
while reducing hexavalent molybdenum (M004 )2 to pentavalent 
Mo2  O 

A distinctive physiological feature of all these microorganisms is 
their resistance to high concentrations of metal ions, which is of 
practical importance in hydrometallurgv. For example, T. ferro-
oxidans remains active in the presence of copper or uranium (U 3  08) 
at concentrations of 55 and 12 g/l respectively [63]. Notably some 
metals (lead, mercury, and cadmium in particular) inhibit T. ferro-
oxidans growth even at low concentrations [64]. From the data of 
Kelly and Jones [65] it follows that Fe2  and Fe 3  are likely to have a 
toxic effect on T. ferrooxidans. Carbon dioxide fixation is inhibited 
if Fe 21,  concentration exceeds 10 gIl while Fe3  in a concentration of 
5.6 g/l suppresses the oxidation of ferrous iron. Extensive studies of 
the effect of Fe 3  on the ferrous iron oxidation by T. ferrooxidans 
have revealed the dependence of its inhibition on the concentration 
of Fe 3  as well as on the ambient temperature and physiological 
state of the culture [66, 67]. The extent of inhibition of bacterial 
activity by Fe 3  ions drops with the temperature. T. ferrooxidans 
has been observed to respond to unfavourable concentrations of 
ferric iron at incubation temperatures up to 26 1C [67].  Fe 3  and Cu+ 
serve as competitive inhibitors of T. ferrooxidans activity, under un-
favourable conditions it is bacterial growth that is inhibited first, not 
oxidizing power [66-68]. 

The mechanism of resistance to metal ions in thiobacillj remains to 
be elucidated. Imai et al. suggested that it involves a system which 
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blocks the transfer of ions into the cell 1691. Investigations of intracel-
lular compartmentation àf silver ions (AgNO 3 ) in T. ferrooxidans 
have shown that they accumulate mainly within the cell wall and cell 
membrane. The addition of reduced glutathione into the culture 
decreased the amount of Ag+  associated with the membrane. This 
led the authors to suggest that GSH plays a significant role in the 
mechanism of resistance. Other authors believe that resistance to 
metal ions can be accounted for by the presence of specific plasmids 
[63, 70 ]. 

Physiological requirements of the microorganisms under con-
sideration determine their distribution over ecological niches (Table ). 
Acidophilic thermophilic bacteria are commonly found in hot spots 
of sulfide ore deposits, volcanic hot springs, and thermal soils. Me-
sophilic forms are reported to occur in acid waters and springs, sulfur 
and sulfide ore deposits where temperature does not exceed maximum 
values limiting growth of these species. 

BIOCHEMICAL PROPERTIES OF ACIDOPHILIC BACTERIA, 
OXIDIZING FERROUS IRON, ELEMENTAL SULFUR, 

AND SULFIDE MINERALS 

Metabolism in microorganisms is known to involve energy consump-
tion and assimilation. The former furnishes bacteria with the energy 
for their physiological activity, and the latter results in the synthesis 
of organic matter to be used in cell construction. 

Thio bacilli have most extensively been studied in terms of bioche-
mical characteristics of the cell. For this reason they seem suitable for 
the discussion of the patterns of energy and constructive metabolism 
in chemolithotrophs of hydrometallurgical importance. 

Energy metabolism. Adenosine triphosphoric acid (ATP) and 
proton potential are known to be involved in the energy transfer in 
living organisms. Flydrophilic properties preclude ATP from being a 
donor of energy for the processes which occur within membranes. 
In contrast to ATP, proton potential serves as a universal form of in-
tracellular energy utilized in all kinds of chemical and osmotic proces-
ses. It is used in particular to secure the transport of a large number of 
substances, reverse electron flow, flagellum rotation, ATP and pyro-
phosphate synthesis and can be a source of heat generation [71]. 

An important property of proton potential is its ability to be trans-
ferred from one part of the membrane to another. Since bacteria 
possess a developed system of internal membranes permeating through 
the cytoplasm, the energy of proton potential is obviously available to 
any portion of the cell. 

The mechanism of the formation of proton potential is explained 
by the chemiosmotic theory of Mitchell who postulated that the 
substrate oxidation occurs on the outer surface of the membrane 
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while molecular oxygen undergoes reduction on its inner surface. The 
resulting osmotic energy in the form of potential difference can be 
utilized in chemical reactions, e.g. ATP synthesis [ 7 21. 

As proton potential is generated by respiratory enzymes, electrons 
in aerobic bacteria are transferred from a substrate to be oxidized to 
oxygen via specific pathways (redox chains) with increasing potential. 

Participation of subcellular structures in the processes concerned 
with the oxidation of ferrous iron, elemental sulfur, and sulfide mine-
rals. Bioenergy reactions of Fe 2 , S°, and sulfide minerals oxidation are 
preceded by the substrate attachment to the cell wall surface [73--75]. 
Association of the microorganism with oxidized substrates is facilita-
ted by various cell surface structures, viz, mucous microcapsules, ph, 
and peculiar projections [12, 13, 251. The microcapsules envelope 
mineral particles forming a single bacterium-substrate system. Sulfolo-
bus pili were shown to be involved in the attachment of cells to ele-
mental sulfur [771. The authors' evidence shows that the number of 
pili increases greatly when sulfur is utilized as a source of energy. 
Unique projections facilitating "anchorage" of cells on sulfide mi-
nerals have been described in S. thermosulfidooxidans [13]. 

The participation of the cell wall in the earlier stages of oxidation 
of ferrous iron, sulfur, and sulfide minerals was unambiguously demon-
strated in thiobacilli. Chemical analysis together with cytochemical 
methods revealed the presence of Fe 2  and S°  ions in the cell wall 
during oxidation [78, 791. The function of the outer membrane of the 
cell envelope (a lipopolysaccharide component) is believed to be of 
primary importance - its composition changes depending on the 
source of energy [80]. Studies on the ability of various cell structures 
of T. ferrooxidans to oxidize ferrous iron, elemental sulfur, and sul-
fide minerals showed the necessity of two membrane systems to be 
present, viz, the outer membrane of the cell wall and the cytoplasmic 
membrane [81]. 

The cell wall seems to participate both in the transformation of 
water-insoluble S°  and sulfide minerals and in the transport of substra-
tes to the cytoplasmic membrane. However, the problem needs further 
investigation since an outer membrane is lacking in a number of sulfur-
oxidizing bacteria, e.g. Archaebacteria and Gram-positive bacteria. 

Bioenergy processes are thought to occur in the cytoplasmic memb-
rane containing cytochromes which constitute the most important 
components of the electron transfer chain. 

Oxidation of Fe 2 . To date the oxidation of Fe 2 ' has only been 
studied in T. ferrooxidans. The reaction of ferrous iron oxidation may 
be represented in the following general form: 

2Fe2 ' + 1,2 02 + 2H -* 2Fe 3  + H 2 0 

According to the calculations of Tuovinen and Kelly, the oxidation 
of two Fe2 ' ions results in the synthesis of one ATP molecule 1 82 ]. 
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The electron transfer chain involves cytochromes a, c, and b, ubiquino-
ne, and copper-containing proteins: rusticyanine and ferredoxin 
[83-91]. The composition of the chain is quite common. The only 
difference is the high levels of cytbchromes a and c which amount to 
50-140 times the average content in heterotrophic organisms [ 92 ]. 
Rusticyanine and cytochrome c amount to 5 -  10% of the total cellular 
protein [88-90]. Large percentages of these components are the result 
of the oxidation of substrates with high potentials [ 93 ]. 

Spectrophotometric studies have revealed the following sequence 
of the electron transfer [84]: 

rusticyanine - cyt. c - cyt.c 1  - cyt. (a 1 a 1  ) - 02 

Rusticyanine, a protein composed of a single polypeptide chain with 
a copper atom, serves as the initial acceptor of electrons [84, 88, 891. 
Addition of this component to the electron transfer chain causes a 
4-fold stimulation of Fe2  oxidation [94].  It has been shown with the 
help of nuclear magnetic resonance spectrometry that the earlier 
stages of oxidation occur on the outer surface of the cytoplasmic 
membrane while the terminal one (cytochrome a 1 ) is located within 
the membrane [95, 96]. A putative arrangement of the components 
of the electron transfer chain in T. ferrooxidans during Fe2  oxida 
tion is presented in Fig. 9 [97]. 

Such an array of the components in the electron transfer chain 
produces a membrane potential favourable for ATP synthesis. 

Reverse electron flow. Fe 2  has a high potential and is incapable of 
NAD reduction necessary for autotrophic fixation of carbon dioxide. 
T. ferrooxidans therefore has another electron transfer chain respon-
sible for the flow of no more than 10% of the overall amount of ele-
ctrons. This is an energy requiring process [83]. In view of the poten-
tials of quinone, cytochromes (c 1  and b), and ferredoxin, it seems 
reasonable to suggest that they are involved i i this process. A possible 
pathway of the reverse electron transfer may be the Q-cycle (Fig. 10) 
[98, 991. In this case only quinone can serve as an electron and proton 
carrier because of the great potential difference between its oxidized 
and reduced forms. Owing to its high potential, reduced ubiquinone 
is likely to accept electrons probably transferred from cytochrome C. 
The sites of ubiquinone oxidation and reduction are the inner and 
outer surfaces of the cytoplasmic membrane respectively. Electrons 
from oxidized ubiquinone are transferred to NAD by a carrier, e.g. 
ferredoxin. Q-cycle is sustained by the chemical potential, i.e. the dif -
ference between hydrogen ion concentrations on both sides of the 
membrane. 

Oxidation of Cu, Sn 21 , and U4t No reliable evidence has been 
obtained to support the view that Cu and Sn 2  oxidation is coupled 
with a phosphorylating system since both ions are readily subjected 
to chemical oxidation at low pH [100, 101]. U 4  oxidation by T. ferro. 
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oxidans is an energy-yielding reaction coupled with carbon dioxide 
fixation [102]. Its ability to be oxidized by rusticyanine proves that 
electrons of U4  can be directly incorporated into the electron transfer 
chain. Experiments with the use of specific inhibitors seem to indicate 
a resemblance of this chain composition to that involved in the oxida-
tion of ferrous iron [102]. The energy output of the reaction oxidizing 
U4  has been calculated to equal 130.4 kJ/M [102]. 

Oxidation of reduced sulfur compounds. The process of the oxida-
tion of reduced sulfur compounds consists of two steps, viz, the oxida-
tion of sulfur components by corresponding oxidases and the transport 
of electrons along the electron transfer chain from an oxidized sub-
strate to terminal electron acceptors, i.e. oxygen and nitrate if T. deni-
trificans is used. With regard to T. neapolitanus and T. thioparus ATP 
synthesis was demonstrated to be coupled with electron transfer 
[103-106]. F'uorescence measurements brought out the association 
between electron transfer and proton transport in T. den itrificans 
[107]. These data confirm that oxidation of reduced sulfur compounds 
by thiobacilli involves a chemiosmotic mechanism of energy genera-
tion. 

The electron transfer chain includes several types of cytochrome 
c [108-113], cyt. b [108, 110, 114], and cyt. a [108, 110-112]. 
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Ubiquinone has been found in T. thiooxidans and T. thioparus [115, 
1161 and flavoproteids — in T. denitrificans  [117]. 

Many questions are still to be answered concerning localization of 
enzymes facilitating this process, sites of electron "intrusion" into 
the transfer chain, and the innate properties of primary and inter-
mediate products. 

The nature of the substrate to be oxidized seems to determine 
the rate of electron incorporation into the respiratory chain and the 
"triggerring" of one or another pathway of electron transfer. For 
instance, during oxidation of sulfide to sulfur by T. concretivorus* 
electron transfer is effected via a copper-containing protein, flavine, 
and cytochromes b, c, and a. In sulfite oxidation, flavines, ubiquinone, 
and cytochromes b, c, and a were involved [110]. 

The same conclusion was arrived at in the studies of the electron 
transfer chain in T. denitrificans [1111. Terminal fragments of the 
chain are also subject to variations depending on the last electron 
acceptor as can be clearly seen in T. denitrificans [117]: 

ATP 	 ATP 

_uu_ 
	 ____ 	f02 

NAD . r' PP --- cyt . b _-,- cyt c 
- 	 -NO3  

NADH 	FPcYt. c 	cyt.a a3 	02 

t 
copper-con-. 

taming protein 

sulfite, 	thiosulfate 
sulfide 

Reduction of NAD occurs by means of reverse electron transfer 
as in Fe2  oxidation [118-120]. 

Oxidation of sulfur. Elemental sulfur undergoes bacterial action 
before enzymatic oxidation. Many authors reported that oxidation of 
sulfur by thiobacilli is accompanied by the accumulation of lipoid 
substances [121-123]. Lipids are most actively released into the 
medium and concentrated on the surface of sulfur at the beginning of 
the log phase [1241. The exogenous lipoid products were identified 
as phospholipids. Studies of fractionation patterns of the stable sulfur 
isotopes have demonstrated that the action of T. ferrooxidans on 
elemental sulfur is a step-wise process generating colloid products that 

* To date it is referred to as T. thiooxidans [4]. 
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chiefly contain light isotopes. Phospholipids play an important role in 
the solubilization and fractionation of sulfur isotopes [1251. 

Three systems have been described to be responsible for the 
'ridation of sulfur. The first one is located in cytosol and requires 
glutathione to be present in the amount sufficient to catalyze the pro-
cess [126]. The second system contains a cell wall - membrane comp-
lex [116, 1271, and the third one consists of cytosolic and membrane 
fractions [128, 129]. 

Sulfite was shown by the formaldehyde trapping method to he 
the first product of sulfur oxidation in T. thiooxidans and T. thiopa-
rus [1301. The following mechanism of the oxidation of elemental 
sulfur has been suggested [131]: 

S + GSH - GSSH 
GSSH + 02 + H 2 0 - GSS_ 1 H + SO + 2H 

The sulfite thus produced is oxidized to sulfate via sulfite-oxidizing 
pathway. 

Cytosolic system produces glutathione-polysulfide and oxidizes 
it to S0 [1261. Complete oxidation to sulfate is accomplished by 
the membrane-containing system [116, 127-1291. The total system 
is believed to include a sulfur-oxidizing enzyme and a sulfite-oxidizing 
system. The former is likely td be located in a periplasmatic inter-
space, and is therefore detectable in the membrane and cytosolic 
fractions. The sulfite-oxidizing system is to be found in the membrane. 
If ulfhydryl groups are lacking in the system, GSH or analogous 
components need be added. 

0ygenase is a sulfur oxidizing enzyme containing a ferric ion as 
a cofactor [130]. No evidence is thus far available as to its coupling 
with the respiratory chain. It follows from the theory of Mitchell 
and enzyme localization data that energy is unlikely to be generated 
at the first stage of sulfur oxidation. ATP synthesis is coupled with the 
second stage of this process, i.e. sulfite oxidation. 

Oxidation of sulfide. Electrometric studies as well as the use of 
labelled sulfide indicate that the first oxidation products are contained 
in the membrane fraction [111, 1311. They are absorbed at greater 
wavelength than colloid sulfur. The authors have inferred from these 
observations that the first product of sulfide oxidation is polysulfide. 

In case of T. neapolitanus sulfide oxidation was observed to be a 
two-step process [132]. The first stage is characterized by a low rate 
while the second one proceeds rapidly. At the first stage soluble sulfi-
de disappears, the reaction being inhibited by copper-binding substan-
ces. This step is supposed to be promoted in the presence of cytosol 
and is similar to the reaction catalyzed by the sulfur-oxidizing system 
[133]. A copper-containing protein seems to be the primary sulfide 
acceptor. 
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The second stage of sulfide oxidation is associated with the mem-
brane fraction, electrons of polysulfide being transferred along the 
respiratory chain which comprises cytochromes b, c, and a [115, 1321. 
Thus the reaction of sulfide oxidation may be presented as follows: 

S - Cu-containing protein -*flavines ? - cyt. b - cyt. c -* cyt. d - 0 2  
First stage 	 Second stage 

T. den itrificans can utilize No as the terminal electron acceptor. 
Oxidation of sulfite. This process constitutes the final stage of the 

oxidation of reduced sulfur compounds and is shown to proceed via 
two alternative pathways: adenosine phosphosulfate synthesis (APS) 
and direct oxidation. The former pathway of sulfite oxidative coñver-
sion to sulfate has been elucidated by Peck [134]. It appears to 
occur at the substrate phosphorylation level: 

APS-reductase - 

	

2SO23 + 2AMP 	 2APS + 4e 

2APS + 2P 	.- 2ADP + 2S0 
adenylate 

	

ADP 	- AMP + ATP 
kinase 

Further studies of APS-reductase have shown that S0 reduces 
FAD contained in the enzyme to FADH 2 . Partial oxidation of FADH 2  
is observed upon addition of AMP [1341: 

E-FAD-Fe 3  + S0 + H 2  0 -~ E-FADHTFe 3 (S0) 

E-FADH 2 -Fe 3 (S0) + AMP - E-FADH-Fe 2 (APS) + 0}f 

APS-reductase amounts to 4-5% of the total protein in the cell. The 
data obtained point to a significant contribution of the sulfite oxida- 
tion via adenosine phosphosulfate to the energy metabolism in thioba-
cilli [133, 136, 1371. 

Direct oxidation of sulfite is effected by sulfite-cytochrome c 
oxidoreductase. This enzyme was isolated from T. thioparus, T. inter-
medius, and T. ferrooxidans [137-139]. Sulfite oxidase was shown 
to be associated with the cytoplasmic membrane in various species of 
thiobacilli [110, 111, 116, 128].  The use of inhibitors enabled some 
authors to demonstrate that S0 oxidation involved a total electron 
transfer system, i.e. cytochromes a, b, and c and possibly flavines [128, 
140, 1411. Thus, different thiobacilli possess a similar mechanism of 
direct sulfite oxidation coupled with oxidative phosphorylation. 

Oxidation of thipsulfate. Thiosulfate is oxidized either directly or 
through cleavage. The former reaction is catalyzed by a thiosulfate 
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oxidizing enzyme found in T. neapolitanus, T. ferrooxidans, and 
T. thioparus [113, 142, 143]: 

2S 2003 SSSS0 3  + 2 e 

Electrons are accepted by cytochrome c or ferricyanide [113, 137, 
142-144]. Further oxidation of tetrathionate is supposed to proceed 
via polythionates according to the following scheme [145-148]: 

s4 0 --+s 3 o - -+ s0 ---* s0 -  

However, this assumption has failed to be confirmed experimentally. 
No enzymes catalyzing thiosulfate oxidation via this pathway were 
found. Besides, thiobacilli have been reported to be incapable of 
polythionate conversion [134, 149, 1501. 

Thiosulfate oxidation through cleavage is effected either directly 
or after reduction. The reductive cleavage is catalyzed by thiosulfate 
reductase and occurs in the presence of reduced glutathione [124, 
151, 152 ]: 

S 2 0 + 2 GSH -* GSSG + H 2 S + S0 

H 2 S + 1/202 - S°  + H 2 0 

The course of thiosulfate cleavage under the influence of rhodanase 
is represented by the following equations [153]: 

R-SH + S-S0 	- 	RS-SH + S0 
rhodanase 

R-S-SH +0 2  + H20 	- 	SOr +2 H 
sulfuroxidase 

S°  and S0 produced during thiosulfate oxidation through cleava-
ge are oxidized by systems oxidizing either sulfur or sulfite. 
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Rhodanase was shown to be present in T. den itrificans, T. ferro-
oxidans, and Thiobacillus A2 [154-158]. It was identified in the 
membrane fraction [150, 153],  and appears to be coupled with the 
systems oxidizing sulfur and sulfite. Therefore, the cleavage products, 
S°  and SO, are eventually converted to sulfate. 

The general course of the sulfur compound oxidation is presented 
in Fig. 11. It can be seen that oxidation of reduced sulfur compounds 
is a step-by-step process, proceeding in stages corresponding to 
compounds of different levels of reduction. Some energy is generated 
during substrate phosphorylation. But its main portion accumulates 
as membrane potential that is formed in accordance with Mitchell's 
theory as a consequence of spatial uncoupling of initial and terminal 
oxidative reactions by the membrane. 

CONSTRUCTIVE METABOLISM 

Autotrophic fixation of carbon dioxide by acidophiic organisms 
oxidizing ferrous iron, elemental sulfur, and sulfide minerals has 
only been investigated in thiobacilli and Sulfolo bus. The Calvin re-
ductive ribulosodiphosphate cycle is the main pathway of carbon 
dioxide fixation both in thio bacilli and the majority of other chemo-
lithotrophic Eubacteria. Upon uptake by the cell carbon dioxide 
interacts with ribulosodiphosphate under the influence of ribuloso-
1,5-diphosphate carboxylase and is converted to 3-phosphoglyceric 
acid, a product of autotrophic assimilation. High activity of ribulo-
so-1,5-diphosphate carboxylase has been recorded in many species of 
thiobacilli [159, 1601. It is worth mentioning that in T. intermedius 
the enzyme exists as the t-type and is thus similar to that in higher 
plants [161]. 

T. novellus has been reported to possess hydroxypyruvate reductase 
along with enzymes for autotrophic fixation. This enzyme catalyzes 
the assimilation of c 1  -compounds via serine pathway, its metabolic 
function being obscure [162]. 

The overall reaction of the cycle may be represented as follows: 

3 CO 2  +9 ATP +5 H 2 0 + 6NADH - HCOCHOHCH 2  OH 2  P03  + 

+ 9 ADP + 6NAD + 8H 3  PO4 
Obviously, ATP and CO 2  -NADH reducing complex are necessary br 
the cycle to be operating. They are synthesized in the course of 
energy metabolism and are responsible for its coupling with con-
structive metabolism in thiobacilli. 

Carboxylation of phosphoenole pyruvate constitutes a by-way 
of carbon dioxide assimilation. In obligate autotrophic organisms 
the Krebs cycle is disengaged at the level of c-keto-glutaric acid 
conversion to succinic acid [163] while in thiobacilli it performs a 
purely synthetic function [164]. 
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Autotrophic assimilation of carbon dioxide in Sulfolobus proceeds 
via reductive tricarboxylic acid 'cycle rather than the Calvin cycle, 
with malic, aspartic, glutamic, and citric acids, as well as an uniden-
tified substrate X, playing a key role in the process [181. 

CONCLUSION 

It is concluded from the data presented in this paper that oxida-
tion of ferrous iron, reduced sulfur compounds, and sulfide minerals 
can be accomplished by microorganisms belonging not only to diffe-
rent genera but also to different kingdoms. Notwithstanding the dif -
ferences of their morphology, ultrastructure, and some physiological 
properties, these organisms are similar in that they share one impor-
tant feature, viz, the ability to obtain energy by oxidizing the above 
mentioned substances. Presumably, this similarity is based on the 
capacity to accumulate the proton potential generated during the 
oxidation of these substrates. In such a case the microorganisms in 
question should be expected to have much in common as regards the 
composition of the electron transfer chain and the enzyme pool 
catalyzing the transformation and oxidation of reduced sulfur com-
pounds and ferrous iron. The convergent nature of physiological and, 
perhaps, biochemical similarity of these organisms is obvious. 
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INTRODUCTION 

The present paper summarizes recent work un4ertaken to elu-
cidate morphological and physiological characteristics of acidophiic 
iron-oxidizing thiobacilhi isolated from the Agnew Lake uranium 
mine leach liquors. The Agnew Lake Mines Ltd. started full-scale 
uranium leaching operation in January 1977 in northern Ontario, 
Canada. The cyclic solution flow has been presented [1] and involves 
the following stages. The acidic leach liquor (pH < 2) is sprayed on 
the surface heap and the seepage is collected in a holding pond. The 
leach circuit also involves the treatment of underground stopes in a 
successive casca*e type fashion. Both percolation (drip) and flood 
leaching have been practiced with the underground stopes at various 
times during the life of the mine. Uranium is separated from the 
leach liquor by ion exchange and the barren solution is recycled to the 
leach circuit. To maintain a suitable water balance and to lower the 
concentration of other solubiized metals (e.g., iron, thorium), some 
of the barren solution is drawn off to the tailings. The concentrations 
of uranium, thorium, radium, Fe 2 , and total iron in various points of 
the leach cycle have been presented [1]. The leach circuit does not 
accommodate a separate stage for the microbiological and chemical 
oxidation of ferrous iron. The data for soluble iron show that ferric 
iron predominates in all parts of the leach circuit, indicating that (i) 
some iron oxidation occurs concurrently with the leaching of uranium 
from the ore material; and (ii) ferric iron is not completely reduced by 
the ore. 

The deposit contains on average less than 2 lbs. U 3  08  per ton ore. 
Uranium is mineralized mainly as uranothorite (Th/U 4/1) in the 
ore body. Uranium also occurs as uraninite associated with pyrite 
conglomerates. In addition to pyrite, pyrrhotite occurs in some areas 
of the deposit; The gangue contains quartz with silica matrix and there 
is no clay in the ore. 

The leaching of uranium at Agnew Lake is effected by ferric iron 
in sulfuric acid, as shown for uraninite in the following equation: 

UO2  + 2Fe3  - UO + 2Fe2 	 (1) 
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Ferrous iron thus produced is a carrier for electrons from uranium 
oxidation and is re-oxidized by thiobacilli (Thiobacillus ferrooxidans): 

4Fe2  + 02 + 4H - 4Fe 3  + 21-12  0 	
(2) 

AG30 o =-9.1 kcal/mole 

The redox potential of the leach liquor has been consistently 
> +400 mV (range +413 to +645 mV) which is also indicative of the 
predominantly oxidized form of iron in the solution. Speciation of 
dissolved sulfur anions in Agnew Lake leach liquors has not been re-
ported. The sulfate concentration has usually varied between 5 and 
10 g of SO4 —S per liter. It is likely that local areas of low oxygen 
tension may exist in the ore piles, giving rise to the formation of 
elemental sulfur and thionates especially from the incomplete oxida-
tion of pyrrhotite. 

IRON-OXIDIZING THIOBACILLI IN AGNEW LAKE LEACH LIQUORS 

Iron-oxidizing thiobacilli were enumerated in leach liquor samples 
collected from various stages of the leach circuit [1, 2]. The viable 
numbers ranged from < 1 to over 106  bacteria per ml leach solution. 
There was no seasonal pattern of fluctuation in the viable counts. 
Attempts were not made to enumerate iron-oxidizers attached on ore 
material but in view of work reported elsewhere [3], a significant 
proportion of the iron-oxidizing population can be presumed to be 
associated with the surfaces and fractures of ore particles. Currently, 
there are no adequate methods to enumerate thiobacilli attached on 
ore material. Activity estimates based on the iron-oxidation, oxygen 
uptake, or carbon dioxide fixation seem possible but their relation-
ship with bacterial density would be difficult to assess for environ-
mental samples. For the Agnew Lake ore, pyrite (and pyrrhotite) is 
the source of soluble iron and sulfuric acid. The microbiological oxida-
tion of pyrite requires a contact between the mineral and thiobadihi 
but the reversibility of the contact is not known. Thus, the iron-oxidi-
zers found in the leach liquors are not only involved in ferrous iron 
oxidation but they may also have been in prior close association with 
pyrite and ore surface before sloughing off. 

Eleven isolates of iron-oxidizing thiobacilli derived from leach 
liquor samples were maintained for laboratory studies. The concentra-
tion of uranium and thorium in the respective leach liquor samples va-
ried in the range of 0.07-0.92 mM U and 3.28-5.99 mM Th. 

57 



Fig. Electron micrograph of negatively 
stained Thiobacillus ferrooxidans TFI-1 
isolated from the Agnew Lake uranium 
mine. Both a polar flagellum and several 

pili can be seen on the cell.  
Bar, 0.5 m 

All isolates were motile under a light microscopic examination but 
the relative abundance of motile cells in each culture varied greatly. 
To enhance the flagellation, cultures growing in a ferrous iron liquid 
medium [2] were incubated in test tubes without shaking. The 
presence of flagella was confirmed by transmission electron microsco-
pic examination of bacteria collected from the surface layer of the 
cultures in test tubes [2]. Samples were negatively stained with uranyl 
acetate before examination. 

Two different types of flagellation were observed among the isola-
tes [2].  One isolate, designated as TFI-1, had one polar flagellum per 
cell (Fig.), conforming to the taxonomic description of Thio bacillus 
ferrooxidans [4]. Peritrichous flagella were detected in isolates TFI-9 
and TFI-10. Flagella of TFI-1 had a maximum length of 9 jim and an 
average diameter of 19.9 nm. The average diameter of peritrichous 
flagella was 19.3 nm for TFI-9 and 18.2 nm for TFI-10. 

Pili were observed both in TFI-1 and TFI-10; their average diameter 
was 8.9 nm and 4.9 nm, respectively. 

Flagella and pii are known to facilitate the attachment of micro-
organisms to surfaces. Scanning electron microscopic studies in gene-
ral have indicated that thiobacilli can be found in large numbers on 
mineral surfaces immersed in bacterial cultures. In addition, as for 
example in enteric bacteria, phi may be involved in genetic functions 
but this has not been demonstrated with thiobacilli. Glycocalyx-type 
extracellular polysaccharides, acting as an adhesive and protective 
layer, may also be produced by iron-oxidizing thiobacilli in their 
natural environment, as commonly found with bacteria in aquatic 
habitats, but remain to be characterized for T. ferrooxidans. 

TOXICITY OF UO AND Th 

Because both uranium and thorium are concurrently solubiized 
from the Agnew Lake ore material, it was of interest to compare their 
relative toxicities to the T. ferrooxidans isolates derived from leach 

58 



liquor samples. At pH 1.5, the toxic concentrations varied between 
0.5 and 3.5 mM UO and 1 and 2.5mM Th4 . AtpH2.5 the respective 
concentrations were between 1 and> 5 mM UO and 1 and> 5 mM 
Th4 . Isolates that were resistant to uranium (> 5 mM) were also 
resistant to thorium [5]. 

The toxic concentrations of uranium and other metal ions vary 
depending on the test method used. For example, in addition to pH-
related effects, the toxicity of a metal ion is influenced by the sub-
strate, cell age and density, aeration, length of incubation, and prior 
growth history of the organisms. There is a need to standardize pro-
cedures for testing metal toxicity to thiobadihi before valid interlabo-
ratory comparisons can be made. 

The toxic mechanism of uranium and other metals is not known 
but probably involves several causes. Uranium has a tendency to bind 
with nucleic acids which alone would suffice to impair cell growth. 
In general, carbon dioxide fixation by whole cells of T. ferrooxidans is 
more sensitive to uranium than is oxygen uptake coupled with fer-
rous iron oxidation [6],  suggesting an uncoupling effect by uranium. 
It is also possible that metal ions such as UO bind on the cell surface, 
thereby interfering with substrate (e.g., Fe 2 ) oxidation and transport 
processes. 

PLASMID PROFILES OF THE AGNEW LAKE ISOLATES 

All T. ferrooxidans isolates from the Agnew Lake uranium mine 
contained plasmid DNA but each isolate had a different plasmid com-
position. A plasmid of about 13 ± 0.5 megadaltons was detected in 
T. ferrooxidans isoLtes TFI-1, TFI-4, TFI-5, TFI-7, and TFI-10. A 
40 megadalton plasmid was present in both TFI-4 and TFI-8 and a 46 
megadalton plasmid was found in TFI-5 and TFI-11 [1]. 

RESPONSE OF IRON-OXIDIZING ISOLATES TO URANYL ION 

Isolate TFI-7 was resistant to 2 mM uranium and had a 13 mega-
dalton plasmid when grown in the presence or absence of 2 mM uranyl 
sulfate in the growth medium 7].  Isolate TFI-13 was originally 
sensitive to 2 mM uranium but became resistant upon subculturing in 
the presence of uranium. Upon initial exposure to uranyl sulfate the 
cells of TFI-13 did not appear to have a 13 megadalton plasmid 
and a massive cell death occurred within a matter of hours. In the 
survivors, a 13 megadalton plasmid was detected. Upon re-exposure of 
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the plasmid-bearing population of TFI-13 to 2 mM uranium, no 
further cell death occurred [71. 

When subcultured repeatedly in the absence of uranium, the 13 
mega1a1ton plasmid became undetectable (by agarose gel electropho-
resis) and the bacteria were rendered sensitive to 2 mM UO. When 
the plasmid-carrying TFI-13 population was subcultured repeatedly in 
the presence of 2 mM UO, the resistance and the 13 megadalton 
plasmid persisted. 

These results indicated that the 13 megadalton plasmid may have 
been responsible for conferring uranium resistance in TFI-1 3, but a 
direct causative relationship remains to be determined by techniques 
of plasmid curing and gene transfer. In the non-resistant population of 
TFI-13 the plasmid may be present in a very low copy number or 
only in very few cells, and in the presence of uranium the plasmid 
DNA is probably increased in copy number. Alternatively, this DNA 
may become undetectable by the technique used, due to its transpo-
sition in the absence of uranium in the growth medium. Moreover, 2 
mM uranyl sulfate in the medium may select for the fraction of the 
resistant, plasmid-carrying bacteria from the total population. 

In isolate TFI-4 the 13 megadalton plasmid was also detected only 
when the culture was challenged with uranium in the growth medium, 
suggesting a relationship between uranium resistance and plasmid 
DNA. 

OXIDATION OF URANOUS ION 

Manometric studies with washed cell suspensions indicated the 
following stoichiometry of oxygen uptake coupled with uranous ion 
oxidation [5]: 

2U4  + 02 + 2H2  0 - 2U0 + 4H 	
(3) 

Go —31.2 kcal/mole 

Experimental values of 0 2 -uptake agreed within 107% for the 
theoretical ratio of 2U4 /1 02. Ferrous iron was used separately as a 
reference substrate with an average of 92.5% agreement with the ratio 
of 4Fe2 /1 02 (equation 2). 

Uranous oxide (UO2 ; U/0 <0.5)was also oxidized by washed cell 
suspensions of T. ferrooxidans but at slower rates than the soluble 
uranous sulfate [8]. 

The fixation of 14CO 2  was used as a measure of energy con-
servation coupled with the oxidation of U 4  and Fe2  [5].  The ef- 
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ficiency per electron pair transferred in the transport chain (2e from 
2 Fe2 ; 2e from 1 U4 ) was in the range of about 11% for both ions. 
Since the zG values indicate that more energy is available from 
uranous ion oxidation compared with that of ferrous iron, it is ap-
parent that the energy from Fe 2 -oxidation is used more efficiently on 
a thermodynamic basis. 

Both substrates are likely to couple at the cytochrome c level of 
the electron transport chain, with rusticyanin as an intermediate 
carrier protein. By use of selective inhibitors of carbon dioxide fixa-
tion and oxygen uptake, evidence was obtained for the reverse electron 
flow from cytochrome c to cytochrome b, quinones, and flavoprotein 
before the reduction of NAD during the oxidation of either one of 
the substrates [5]. 

Major differences were established in the kinetic parameters 
of uranous ion and ferrous iron oxidation. The V 	and K app for max 	M 
uranous ion were 0.06-0.08/jimoles/min/mg protein and 0.031-
0.132 mM, respectively, and for ferrous iron these values were 2.13 -
2.47 and 1.41-1.58, respectively [8]. These results indicated that the 
rates of uranium oxidation, expressed as V m  ax' did not vary much in 
different isolates. For ferrous iron, the K app  values were more uni-
form than those for uranous ion. 

Mixed substrate studies with U4  and Fe 21  indicated that at 
a fixed concentration of 0.25 mM U4 , no enhancement of oxygen up-
take was obtained with the addition of < 0.5 zM Fe 2  [8]. Above 
this Fe 2 -concentration, there was an increased rate of oxygen uptake. 
The mixed substrate studies in general indicated that uranous ion was 
a competitive inhibitor of ferrous iron oxidation. However, because of 
the redox reactions involved, i.e., 

U4 	U6  (as UO 4 ) 	U(IV)/U(VI) = +344 mV 

2Fe34 	2Fe2 	 Fe(II)/Fe(III) = +770 mV 

the interactions between oxidized and reduced forms of iron and 
uranium cannot be separated to individual reactions in mixed sub-
strate studies, particularly because also inhibitory interactions are 
involved. 

The direct oxidation of reduced compounds of uranium has been 
suggested previously [9, 101, but no firm conclusions could be made 
previously before the kinetic evaluation of the oxidation. The diffe- 
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rences in the kinetic parameters of uranium and iron oxidation strongly 
suggest that in the experiments described, uranium was oxidized 
directly by T. ferrooxidans without a detectable contribution by the 
cyclic involvement of trace levels of iron. Moreover, added trace levels 
of iron (< 0.5 mM Fe 2 ) did not accelerate the rate of uranium oxida-
tion. Another acidophile, T. acidophilus AFK-1 (grown with S 4 0), 
has been shown to oxidize both U4  and Fe2 , whereas after growth 
on glucose, this strain oxidized glucose and Fe2  but not U4  [ 11 ]. 
This observation suggests that uranium oxidation is not associated 
with the iron oxidation system. Growth of T. ferrooxidans in a 
chemically defined medium with uranium as the substrate has not 
been reported. 

CONCLUDING REMARKS 

The ability of T. ferrooxidans to derive energy from uranium 
oxidation demonstrates its respiratory versatility. In addition to iron, 
sulfur, and uranium, T. ferrooxidans has been reported to oxidize 
inorganic compounds of Sn(II), Cu(I), and Se (as selenide) [12, 13, 141. 
It is not known whether these microbiological oxidation systems for 
uranium, tin, and copper are of significance in microbiological leaching 
situations in view of the recycling role of ferric and ferrous iron in 
acid leach solutions. 

The role of multiple plasmids in T. ferrooxidans from the Agnew 
Lake uranium mine and from other sources [1, 15] has not been 
characterized. The genetic system in T. ferrooxidans, and generally in 
chemolithotrophic bacteria, is in its incipient stage of research. Ge-
netic techniques such as transformation and chemical curing of 
plasmids that have been developed with heterotrophic bacteria, do 
not readily avail themselves to T. ferrooxidans owing to the acidophi-
lic and lithoautotrophic nature of this organism. Cloning of thiobacil-
lus plasmids in better characterized systems (for example, Escherichia 
coli) has been accomplished [16], but the lack of knowledge of 
plasmid borne traits in thiobacilli must be resolved before the genetic 
system can be better explored. 
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INTRODUCTION 

Production processes and their control cannot be optimiied wi-
thout more or less complete mathematical models of the processes 
involved. Mathematical modelling is now widely used in various bran-
ches of science, such as physics, chemistry and biology, as well as in 
industry and agriculture. Leaching of metals from ores involves pro-
cesses of biological and chemical nature coupled with a physical 
process of diffusion. The present work deals with some aspects of the 
theory of growth and development of microorganisms and attempts 
to use it as a basis for mathematical modelling of microorganism-
mediated leaching. 

INTRODUCTION TO THE THEORY OF GROWTH AND DEVELOPMENT 
OF MICROORGANISMS 

The foundations of mathematical modelling of microbiological 
processes have been laid down in 1942 by the studies of the out-
standing French scientist Monod. He has experimentally established 
that specific growth rate of Escherichia coli cells is a hyperbolic fun-
ction of substrate concentration (Fig. la) and proposed to express 
this function, now called the Monod equation, as follows: 

dx 	12m  
= 	 (1) 

xdt 	K5 +S 

Variables that enter this and following equations are explained in 
the Appendix. 

A theoretical growth curve derived from the Monod model has 
an exponential growth phase, a deceleration phase and a stationary 
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XO 

Fig. 1. Kinetic growth curves for 
microorganisms: 

a - specific growth rate as a function of 
limiting substrate concentration in the 
Monod model; b - curves of growth and 
substrate uptake in the Monod model, 
Yx is l; c - experimental curves deviating 

from the Monod model: 
I - linear growth phase; II - death phase; 

III - diauxia; IV - lag phase 

phase (Fig. ib). However, when a culture is transferred to a different 
environment the exponential phase will often be preceded by the lag 
phase, a delay of growth, whose duration depends upon the environ-
ment, the state of the culture, the amount of the inoculate, etc. 

F- 

(Fig. ic, curve IV). The stationary phase can be followed by a death 
phase characterized by a decrease in the number of viable cells and the 
total cell mass (Fig. ic, curve II). The growth of a real culture may 
also exhibit other deviations from growth curves predicted by the 
Monod model. A typical feature of growth curves of microorganisms, 
having gas as their substrate (i.e. hydrogen-oxidizing, methane-oxidi-
zing bacteria) is the presence of a long interval of linear growth 
(Fig. ic, curve I). Some cultures, including Thio bacillus ferrooxidans, 
may, under certain conditions, show a recurrence of intensive growth 
following a deceleration phase, the so-called "false diauxia" (Fig. ic, 
curve III). Neither these, nor certain other deviations from theoreti-
cal growth curves can be described by merely choosing the values of 
parameters of the Monod model. 

It is noteworthy that the relationship between the specific growth 
rate and the substrate concentration (equation 1) is similar to the 
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relationship between ttie specific rate of enzymatic reaction and the 
concentration of the rate-limiting substrate: 

V•S 	
(2) 

K5  +S 

Such a resemblance between eq. (1) and (2) has subsequently 
prompted the development of the "bottle neck" theory for enzy -
matic catalysis chain. It has been found [1] that the rate of end pro-
duct formation in any system of enzymatic reaction is governed by 
the rate of the slowest reaction of the system. The "bottle neck" 
theory has stimulated a rapid development in the mathematical mo-
delling of microbial growth in 1960-1970. By analogy with the well-
known kinetics of enzymatic reactions, new, distinct from the classical 
Monod's type, relationships between specific growth rate and concen-
trations of substrate, product, inhibitor, activator, and acidity of the 
medium [2, 3] have been looked for (and found!). 

To incorporate into the model the dependence of specific growth 
rate upon concentrations of product, inhibitors, etc., additional 
equations for these new variables have to be introduced. This extends 
the range of applications of the model but makes it much less straight-
forward. 

In some works the Monod model was modified by revising its 
second postulate, the invariability of the yield coefficient Y, This 
coefficient was assumed to vary due to some portion of energy being 
used outside the synthesis process (maintenance energy), or alternati-
vely, the equation system was merely supplemented with Y as a 
function of some parameter of the process [3]. 

A probability approach to growth of microbial populations is 
used in the so-called stochastic models which consider distribution of 
cells in age, length or size. 

The most promising approach to mathematical modelling of micro-
bial growth involves the development of structured models [4, 5]. 
The formulation of a structured model is preceded by a phenomenolo-
gical description of the process of intracellular synthesis of the sub-
stance in question or the biomass, based on the available biochemical 
and physiological information. This phenomenological verbal descrip-
tion is then translated into a system of mathematical equations, 
usually differential. The results obtained by solving this system are 
compared with experimental data, thus either confirming or disproving 
the initial assumptions on the mechanism of synthesis regulation. The 
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next step in developing an adequate structured model involves refining 
or even changing the initial hypothesis. This may suggest what further 
experimental research is needed and, at the same time, expands 
our knowledge on the object under study. One of the first fundamen-
tal structured models was that by Fredrickson and Ramkrishna which 
considered the interaction between cell structure elements: nucleic 
acids and proteins. 

Structured models were advanced still further in the studies [5, 61 
in which the kinetic equations of the population growth were derived 
by considering the induction and repression of synthesis of relevent 
enzymes. 

The research into the behaviour of a microbial population under 
multifactor action has brought attention to another postulate inherent 
in the Monod model, namely the existence of a single "bottle neck" 
in a chain of enzymatic reactions. 

A hypothesis suggesting that, in the course of transfonnation of the 
initial substrate into the biomass, one "bottle neck" may be gradually 
replaced by another has Qffered a relatively simple way to account 
for almost all microbial growth curves observed. According to a model 
proposed by Petrova et al. [7],  this transformation proceedes in two 
steps: a limiting exogeneous substrate, S, is converted into an inter-
mediate product, P, which can be represented by an endogenous 
product, by ATP, by intermediate metabolites, etc. At the second 
step P serves as a substrate for the reaction of biomass, X, formation: 
S-'P-+x. 

Most of microbial growth curves found in experiments can be at 
least qualitatively described by solutions obtained by simulating this 
model [7] (Fig. ic). Plainly, such solutions will depend upon the 
initial concentration of the intermediate product P and therefore upon 
the history of the culture, i.e., the inoculum preparation. As a special 
case, the model can also produce the classical S-shaped curves of the 
Monod model. 

The introduction of continuous cultivation of microorganisms 
gave birth to a theory of this process based on mathematical models 
of the growth of batch cultures. If the relationship between the speci-
fic growth rate and the concentration of a single growth-limiting sub-
strate follows the Monod equation (equation 1), the steady-state 
concentrations of biomass and substrate in the chemostat will vary 
with the dilution rate as shown in Fig. 2a. The curve Y (D) shown in 
Fig. 2a is called the classical chemostat Monod curve; such curves are 
observed when the main growth-limiting enzymatic reaction obeys 
equation (2). 
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When the specific growth rate depends on substrate concentration 
in some other way, or is affected by some other factors, or else the 
replacement of "bottle necks" is possible, the chemostat curve may 
differ from the classical one (Fig. 2b): multiple steady states may 
occur (Fig. 2c), or stable sustained oscillations may be generated 
around a certain equilibrium point (Fig. 2d). These types of deviations 
from the chemostat Monod model have been studied both theoretical-
ly and experimentally [3, 81. 

A turbidostat cultivation, as distinct from a chemostat method, is 
based of the concentration of the biomass rather than dilution rate as 
the control parameter. Comparative advantages and shortcomings of 
the two cultivation methods have been discussed elsewhere [ 3 ]. 

Concluding this brief review on the existing mathematical models 
for microbiological processes we would like to emphasize that in the 
recent years most workers have abandoned, quite rightly, the genera-
lized mathematical models and turned to developing models that 
describe a particular process accomplished by particular species or 
populations of bacteria under given conditions of culturing. Compre-
hensive surveys covering the existing models, their areas of application, 
methods of their study and also their utilization in the microbiological 
industry have been published [2-6, 8, 91. 

x ' s x x 

a B 	 B h 	 P 

Fig. 2. Steady-state concentrations of biomass 
and growth-limiting substrate in the chemostat: 

a - steady-state concentrations of biomass and 
growth-limiting substrate in the chemostat as a 
function of dilution rate in the Monod model; 
b - deviations from the classical Monod curve 
found with actual chemostat curves in the case 
of: I - fouling of cultivator walls with bacteriat 
II - growth inhibition by heavy metal ions; III - 
successive change of growth-limiting factors; 
c - two stable steady-states in the chemostat; 

d - a stable limit cycle d. 
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MODELS OF LEACHING 

Let us consider in more detail the few existing mathematical models 
of bacterial oxidation of iron and sulfide minerals. The process of 
bacterial oxidation presents many features to be described, explained 
and predicted with the aid of a mathematical model. The first ob-
jective is a description which should not be at variance with well 
established experimental data. This should be followed by explanation 
of those relations between interacting factors that are not obvious 
from the experiment, and by refutation or confirmation of the adop-
ted hypothesis about the intracellular nature of synthesis regulation. 
Finally, the results offered by the model should be suggestive as to 
further experimental work and allow prediction of its results. 

Developing mathematical models of oxidation of iron and of 
oxidation of sulfide-containing minerals are two tasks which are dif-
ferent, although interrelated. They are interrelated because micro-
biological leaching of metals from ores always involves both oxidation 
of sulfide minerals (chalcopyrite, pyrite, arsenopyrite, etc.) and 
regeneration of Fe 3t The basic difference between these processes is 
the fact that a limiting substrate in oxidation of sulfide minerals is 
a substance incorporated into solid particles while in regeneration of 
Fe 3  it is a soluble substrate (Fe2 ) that is oxidized. 

Of all possible oxidation processes that accompany leaching we 
shall consider bacterial oxidation mediated by T. ferrooxidans. More-
over, it can be argued that the bacterial leaching is merely a result 
of growth and development of this microorganism which derives the 
energy it requires from iron and sulfide sulfur oxidation reactions: 

Fe2 bacteria  Fe3  + ; S2 bacteria  SO + 66 	(3) 

In agreement with the available experimental evidence, we shall 
assume that both iron and sulfur compounds can serve as a limiting 
substrate for the growth of T. ferrooxidans. 

Thus the problem of developing a leaching model reduces to two 
tasks: modelling of T. ferrooxidans growth on insoluble substrates 
in a heterogeneous medium, and modelling of Fe 2 ' oxidation in a 
liquid homogeneous suspension. 

Two approaches to modelling microbial growth on poorly soluble 
substrates are known. In both cases these models are similar to that of 
Monod, with a replacement of substrate concentration, S, in equation 
(1) by "concentration" of finely ground solid particles or assuming S 
to be proportional to the total surface area of these particles. In the 
former case S does not depend on particle size, in the latter it is a 
function of the square of particle radius. 
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Studying T. ferrooxidans growth on various sulfides, Torma [10] has 
found that the relationship between the metal extraction rate and the 
pulp density (or the initial total accessible surface area of particles) 
follows the Michaelis-Menten equation. He warned against incorpora-
ting such a relationship directly into a model of the Monod type 
since the kinetic parameters Vm  and K. in equation (2) are not quite 
identical with the parameters 11m  and K5  of the Monod model. 

In another study [11] the leaching of copper from chalcopyrite 
is considered as a chain of successive reactions: chemical oxidation, 
direct microbial oxidation, microbial oxidation of Fe 2 , and hydroly-
sis of Fe3  compounds. The kinetics of oxidation of ferrous iron ions 
by T. ferrooxidans cells was assumed to be similar to the Monod 
kinetics, while the chemical reactions were assumed to proceed with 
the first order kinetics and obey the rules of chemical kinetics. 

The mathematical model for nickel leaching, developed by Hendy 
and Rogers [12], is very much the same as in the case of copper 
leaching [11].  The authors point out that the model satisfactorily 
describes nickel extraction only in the course of the first 30 hours of 
cultivation when the growth of microorganisms is not much different 
from the ordinary exponential growth. The difference between pre-
dictions based on the model and the actual process is accounted for, 
in their opinion, by changes in the acidity and redox potential (Eh) of 
the medium, i.e. by a shift of the equilibrium of certain reactions or 
by some other changes in their course. 

When T. ferrooxidans grows on pyrite, the biomass growth depends 
on both iron and sulfur oxidation. It may be assumed that similar 
processes take place in oxidation of chalcopyrite and other sulfide-
containing minerals. Hence, an appropriate assumption reflecting the 
possible dependence of biomass growth rate on the other substrate, 
sulfur, would be worth introducing into the models discussed above 
[11, 12 ]. 

Both these models ignore heterogeneity of the medium and insolu-
bility of the growth-limiting substrate, and deal instead with "concen-
trations" of finely ground solid particles. 

Gormely et al. [131 have adopted a different approach to modelling 
the growth of a continuous culture of T. ferrooxidans on a zinc sulfide 
concentrate. The proposed model was based on the model due to 
Erickson treating insoluble substrates in heterogeneous fermentation 
processes. Substrate insolubility is the starting point of the latter 
model, which distinguishes it from the Monod model. 

The authors produce an equation for a dynamic balance between 
the number of microbial cells in contact with solid zinc sulfide and a 
fraction of the population for which the solid substrate is not available. 

70 



The growth of cells is assumed to be possible only for the former 
portion of the population. Another important assumption of the 
Gormely model consists in taking the rate of bacterial growth to be 
directly proportional to the number of cells in contact with the solid 
substrate. As a result, the specific rate of population growth depends 
on both the concentration of bacteria and parameters pertaining to 
heterogeneity of the medium. 

Using the condition of a stable steady-state in a continuous culture 
(iz = D), one arrives at an expression for 5E (D). Strictly speaking, it 
is not to be considered as an expression for a chemostat curve since it 
should incorporate only the parameters of the process that for any 
rate of dilution are constant with time t. The Gormely's equation for 
(D) [13] contains a variable S, the "concentration" of available 

surface area of zinc sulfide, which stands for concentration of the 
growth-limiting substrate. During leaching S is naturally subject to 
variation due to chemical leaching which always takes place in such 
a medium, although at a very low rate. 

Along with the dynamic parameters of population growth, the 
equation for (D) proposed by Gormely et al. [13] allows one to 
take into account the distribution of the concentrate particles in size, 
and a possible change in their geometry and in the equilibrium bet-
ween the fractions of population in contact with the solid substrate 
and in the liquid phase. By using this equation, from an experimental-
ly established relationship between the steady-state in a continuous 
culture of T. ferrooxidans and its cultivation conditions, many impor-
tant physiological characteristics relating to growth of T. ferrooxidans 
on zinc sulfide and to the entire leaching process have been obtained. 
These are the rate of bacterial leaching, the yield coefficients for 
carbon and nitrogen, the value of free energy of oxidation, the rates 
of uptake of oxygen and nitrogen, etc. The stofrhiometry of the main 
equation for zinc sulfide leaching was also confirmed. 

The first mathematical model dealing with the growth of T. ferro-
oxidans on ferrous iron, and, hence, with Fe 3  regeneration, was pro-
posed in 1970 [14].  The assumption was that the growth-limiting 
substrate was Fe2  and the limiting stage of the process was associated 
with the Fe2  - Fe3 -* e reaction with the Monod kinetics. The 
resulting model was completely identical with the Monod model. A 
study of the exponential growth phase at constant pH 2.2 and various 
temperatures ranging from 200  to 310C has shown the maximum 
growth rate and the Monod saturation constant to be temperature-
dependent. 
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The entire curve of iron oxidation in the course of regeneration at 
two different temperatures 280  and 120C, has been describedby the 
model proposed by Petrova et al. [151,  which will be considered in 
detail below. 

CHOOSING AN ADEQUATE MODEL. 
FINDING KINETIC CHARACTERISTICS 

Our approach to development of a mathematical model of Fe 2  
oxidation was based on preliminary experiments on cultivation of a 
batch culture of T. ferrooxidans on ferrous iron at various temperatu-
res. Fe2  has been revealed to be growth-limiting substrate [14]. It 
has been found that T. ferrooxidans showed a usual S-shaped growth 
curve at 280C while displaying the "false diauxia" at 12 0C [16].  It 
was apparent that a model of the Monod type, assuming the existence 
of a single "bottle neck" in the chain of enzymatic reactions, namely 
the model described in ref. [14], was unable to describe both these 
curves. This, however, could be done on the basis of a model of 
the S - P - X type [7],  and hence we made the following principal 
assumptions: 

The process of growth of T. ferrooxidans on ferrous iron has two 
successive "bottle necks": one in the reaction of iron oxidation: 

2FeSO4  +1/2 02  +H2 SO4  - Fe2 (SO4 ) 3  +H2 0+llkcal 	(4) 

and the other in the hydrolysis reaction: 

Fe2  (SO4  ) + 6H2  0 2Fe(OH) 3  + 3H 2  SO4 	 (5) 

The relationship between the specific rate of the former reaction 
(t) and the concentration of its substrate, FeSO4 , is the one typical 
for enzymatic reactions and is given by the Monod equation (2). We 
had no experimental data as to the way in which p I , and therefore the 
bacterial growth rate, depend on acidity of the medium, that is on the 
concentration of H 2  SO4 , the second substrate of the reaction. This 
relationship had to be found by means of mathematical modelling. 

We assumed that oxygen concentration does not limit the rate of 
oxidation of Fe2 ' in the experiment but temperature does affect it, 
that is 

p 	(Fe2 , H 2 SO4 , T) p1m(T)Fe2 
K5(T) + Fe2 f 1 . (H2  SO4 , T) 	(6) 
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(the symbols of variables are explained in the Appendix and in ref. 
[15]). 

The relationship between specific rate of hydrolysis of ferric 
sulfate (J2)  and concentration of Fe 3  had not been established in 
previous experiments and had to be found by mathematical model-
ling. It was only clear that in the presence of T. Terrooxidans and at 
concentrations of Fe 3  studied this rate was different from that of an 
ordinary chemical hydrolysis and that it was a function of pH of the 
medium and temperature, i.e. 

/.12 = 112 (Fe3 , H 2  SO4 , T) = 112 (Fe3 , T) . f2  (H 2  SO 4 , T) 	(7) 

The specific rate of Fe 2  oxidation in the range of temperatures 
under consideration is proportional to the specific growth rate. This 
assumption was based on experimental curves for growth and oxida-
tion of iron by T. ferrooxidans at different temperatures and allowed 
only three variables characterizing the process to be considered in the 
initial version of the model: the concentration of ferrous iron (Fe 2 ), 
the concentration of ferric iron (Fe3 ), and pH value. It should be 
noted that in the pH range considered (pH 2-3) the H 2  SO4  con-
centration is approximated as a linear function of the medium acidity 
measured in pH units. 

Schematically, the process of Fe 2  oxidation can be presented as 
follows: 

Fe 2  + H 2  SO4  - Fe3  - Fe(OH) 3  + H 2  SO4 	(8) 

By taking into account the mass balance of each substance in the 
appropriate reactions, we arrive at the following system of equations: 

.4t' 2+ uLe 	M -Fe 3+ 
dt  

dFe3 	1 
dt = ( - 11i 	112) Fe3 	 (9) 

Y J  

!P = _ 	I1 
(--- 11i + - 112)Fe3  dt 	Y2 	Y 3  

Several different functions have been tried as 112  (Fe2 ), f 1  (pH), 
f2  (pH), and the adequacy of the models obtained has been tested 
(Fig. 3a, b, c). All these functions have been chosen of particular 
physiological and biochemical grounds. 
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Fig. 3. Versions of hypothetical kinetic characteristics considered in the model 
of ref. (151: 

a - the specific rate of Fe 2  oxidation as. a function of the H 2 SO4  
concentration (plotted in pH coordinates); b - the specific rate of hydrolysis 
as a function of the Fe 3  concentration; c - the specific rate of hydrolysis 

as a function of acidity 

The relationship between specific rate of Fe 2  oxidation and con-
centration of the second substrate of the reaction, 11 2  SO4 , was as-
sumed to be the one typical for enzymatic reactions - a hyperbolic 
curve of the Monod type - which when plotted against pH looks 
as shown in Fig. 3a. Three different relationships between specific 
rate of hydrolysis and its substrate Fe 34  were considered: that of an 
ordinary enzymatic reaction (Fig. 3b, curve I); the One of a chemical 
reaction of the first order (Fig. 3b, curve II); the one of the chemical 
reaction affected by the action of biocomplexes (Fig. 3b, curve III). 
In the latter case this relationship is described by the following formu-
la: 

192 (Fe34) = K2(Fei' 3 	 (10) 

The effect of pH of the medium on the rate of hydrolysis of ferric 
sulfate was accounted for by the Le Chatelier-Braun principle. Ap-
parently, with increased concentration of H 2  SO4  (a product of hydro-
lysis), the rate of hydrolysis should decrease. We considered two pos-
sible forms of this relationship, f 2  (H2  SO4 ), which are shown in 
Fig. 3c plotted against pH. 

An adequacy test of these assumptions showed that only one their 
combination can account satisfactorily for experimental curves 
describing iron oxidation by microorgai isms. 

Simulation results are presented in Figs. 4, 5, 6. Figs. 4a, b show, 
respectively, experimental and theoretical ferric and ferrous iron con-
centrations and pH of the medium as functions of time. 
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As can be seen from Fig. 5a, a decrease in substrate concentration 
does not affect specific growth rate of T. ferrooxidans until the con-
centration drops below 4-5 gIl, the saturation constant happens to 
be roughly the same for the two temperatures tested. 

Nor do the maximum specific growth rate values differ much for 
thetwocases - 1.42 1/day and 0.997 1/day at 280C and at 120C, 
respectively. With the second reaction (Fig. Sb) the principal diffe-
rence in the graphs of 92 (Fe 3 ) at 280C and 120C is the presence in 
the latter case of an interval 0 < Fe 3  < 4 (gIl) where 112  shows very 
little variation. It is indeed the occurrence of this quasi-horizontal 
region that gives rise to the three-phase growth curves. 

Figs 6a and 6b show the effect of pH on the specific rates of 
Fe 2  oxidation and Fe 3  hydrolysis, respectively. The model suggests 
that hydrolysis of ferric sulfate depends on Fe 3  concentration as a 
chemical reaction (K 3  = 1.76) and on pH of the medium as an enzy-
matic reaction. 

As can be inferred from presented figures, temperature has no 
gross effect on the overall pattern of the curves but merely changes 
their shape. This change is of a certain biological significance indi-
cating a narrower or a wider range of pH values that have no effect 
on specific rates of the reactions. It can be seen from Fig. 6 that for 
the first reaction at 280C such pH values should be below 2.8, while 
at 120C they should not exceed roughly 2.4. For the second reaction 
this range will be given by pH> 2.5 at 28 0C and by pH> 2.3 at 120C. 
It can be concluded, therefore, that maximum reaction rates will be 
obtained for pH values within 2.5 to 2.8 at 280C and within 2.3 to 
2.4 at 12 0C, i.e. at a lower temperature the optimum pH range seems 
to be shifted leftwards. The model implies that provided pH of the 

11 

Fig. 5. Specific reaction rate as a function of substrate concentration: 
a - for the first reaction (oxidation); b - for the second reaction (hydrolysis) 
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Fig. 6. Effect of pH of the medium and of temperature on the first (a) and second 
(b) reactions 

medium at low temperatures is maintained within the optimum range, 
the curves of T. ferrooxidans growth and Fe 2  oxidation should have 
no deceleration phases. This thesis has been confirmed experimentally 
[16]. 

SOME MATHEMATICAL MODELS INCORPORATING INHIBITION BY 
THE PRODUCT AND EXPLICITLY TAKING INTO ACCOUNT THE 

CONCENTRATION OF MICROORGANISMS 

Even though experimental and simulation results are in a good 
qualitative and quantitative agreement, there is some experimental 
evidence suggesting a possible inhibition of growth of T. ferrooxi-
dans in a liquid medium by a product of its activity, i.e. by ferric 
iron, Fe3  [17, 181. 

So we had to introduce additional terms in the model equations 
that would account for action of the inhibiting product. The inhibi-
tion kinetics was assumed to be similar to the competitive inhibition 
kinetics in enzymatic reactions. In this case the specific growth rate 
is given by the equation: 

11i max Fe2 
(Fe2

, Fe3) = K + Fe 2  + Fe3/K 	
(11) 

We assumed ferric iron, i.e. the reaction product, to inhibit the 
first step of the regeneration process since inhibition by a product is a 
characteristic feature of enzymatic reactions. 

The system of equations incorporating inhibition differs from 
system (9) presented above only in that ju I  has now to be described 
by equation (11). 
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No qualitative difference was observed between approximation of 
experimental data provided by earlier model and that provided by the 
model that accounts for inhibition in a direct way. The parameter 
values of the novel model calculated from experimental data showed 
only insignificant deviations from those of the first one. Comparing 
these models by relevant adequacy criterion showed that the model 
with inhibition produces somewhat better results. It appears that in-
hibition by the reaction product, of the competitive inhibition type, 
indeed exists under our cultivation conditions but its effect on oxi-
dation is not very significant. 

A further analysis of the performance of the model led us to the 
conclusion that an adequate model should explicitly take into 
account the biomass concentration. The equation system then should 
include another differential equation for biomass, while in the other 
three equations the factor proportional to concentration of Fe 3  must 
be replaced by a factor proportional to biomass (B). 

By solving this system of equations it was found that no further 
improvement of approximation as compared to that offered by the 
first model can be attained. Therefore, the most convenient and 
adequate model turned out to be the one represented by the equation 
system (9) with the kinetic characteristics shown in Fig. 5 and Fig. 6. 

A MATHEMATICAL MODEL OF A CONTINUOUS CULTURE 

For continuous cultivation of T. ferrooxidans, mathematical model 
(9) can be reformulated as follows 1191: 

dFe2  Fe3 +D (Fe —  Fe21 

dFe3  1 —p2 )Fe—D.F'e 31 (12) 

dpH 	1 	1 
+—p2 ).Fe+D•(pHo pH)J 

Y 3  

In the above model, biomass and Fe 3  concentrations are assumed 
to be directly proportionate. 

Of particular interest is the relationship between the steady-state 
concentration of biomass and the dilution rate. This relationship 
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can be found by setting to zero the derivatives on the left-hand side 
of eq. (12): 

dFe3  dpH0 	 (13) dt - dt - dt 

Although the analytical solution of the obtained system of three 
algebraic equations in three unknows is difficult since it leads to 
equations of higher orders, this system can be solved on a computer. 
In a real chemostat continuous cultivation, acidity of the medium 
can be readily kept constant by applying an automatic pH control. 
This makes our task of studying the system of algebraic equations 
much easier since now this system will reduce to the equations of the 
second order. 

System of equations (12), with (13) and pH = const. taken into 
account, has two solutions for a steady-state concentration of biomass. 
One which is trivial corresponds to washing out of the culture from 
the chemostat. The other is the chemostat curve we are concerned 
with. An analysis of these curves showed that when pH was within 
the permissible range each curve had a characteristic peak, the location 
and magnitude of which were temperature dependent [191. With pH 
corresponding to the left margin of the permissible range we obtain a 
chemostat curve similar to the classic Monod chemostat curve. When 
the concentration of ferrous iron at the inlet of the chemostat is in- 

Fig. 7. The experimen- 
tally-obtained portion 
of the chemostat curve 
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creased, the chemostat curve maximum is also increased. With in-
creasing acidity of the medium, the maximum is decreased. 

In ref. [19] we also considered the capacity of fermentor as a 
function of temperature, acidity of the medium, and input concentra-
tion of ferrous iron. 

The predictions suggested by the continuous cultivation model have 
been partially confirmed in appropriate experiments (Fig. 7). The 
section of a chemostat curve obtained has a clear-cut ascending 
character which corresponds to the initial section of the theoretical 
curve. The results of the study can be used in optimization of Fe 3  
regeneration processes under continuous cultivation conditions. 

UNDERSTANDING THE EFFECTS OF INITIAL CONDITIONS OF 
THE ENVIRONMENT ON THE BATCH CULTIVATION PROCESS 

We used our 'model (equation system 9) to study changes in growth 
curves, uptake of the substrate and pH of the medium resulting from 
variations in initial concentrations of the oxidation substrates: Fe 2  
and H2  SO4  [201. It has been shown that changes in initial pH value 
have the most profound effect on the shape of oxidation curve and the 
process duration. 

So far the experiments were concerned only with the effect of 
initial concentration of ferrous iron on the oxidation process. The 
predictions of the model [20] and the experiment results obtained 
for various temperatures [21] were in qualitative agreement. Yet, for 
a long time we were unable to achieve a good quantitative agreement 
that would demonstrate the adequacy of our model. All the three 
versions of the batch cultivation model (i.e., without inhibition, with 
inhibition, and the one with the equation for biomass) have been 
tested under new initial conditions. 

It seemed that a quantitative agreement between the model pre-
dictions and experimental findings could be arrived at only at the 
expense of radically changing the kinetic relationships incorporated 
into the model. Such a change following a change in initial conditions 
contradicts the "bottle-neck" principle underlying the adopted ap-
proach to mathematical modelling. 

A thorough analysis of the postulates incorporated into the phy-
siological-biochemical model has revealed that it ignores a possible 
shift of hydrolysis equilibrium, i.e., a possible sedimentation of 
some of the ferric iron in the form of Fe(OH) 3 . To allow for this 
circumstance, the model should consider two forms of ferric iron: 
Fe 3  in sediment and Fe 3  in solution. 
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Preliminary results obtained with this modification of the basic 
model suggest a high degree of correspondence between predictions 
offered by it and the experimental data reported in ref. [21]. 

Mathematical modelling of ferrous iron oxidation by T. ferrooxi-
dans has led to understanding the growth and development of this 
bacteria in media with various physical and chemical characteristics. 

CONCLUSION 

A recent progress in mathematical modelling of microbial growth 
has provided models for oxidation of iron and sulfide minerals. It is 
difficult so far to compare these models. with one another as all of 
them are but a first step to developing a controlled industrial process 
of leaching of ores and concentrates. A relatively small number of 
such models is due, on the one hand, to scarcity of experimental data 
on the subject resulting from a relatively recent rise of interest to 
microbiological leaching of metals. On the other hand, there are 
objective hindrances in this way, related to a comparatively high 
complexity of microbiological oxidation processes in the ore body or 
in dense pulp. Apart from insolubility of the substrates there is a large 
variety of oxidation processes that take place depending on the en-
vironment. 

A joint effort of theoretical and experitnental scientists should be 
aimed at revealing most important factors affecting the growth of 
T. ferrooxidans, establishing the role of these factors under different 
cultivation conditions, and understanding the most general regulari-
ties of bacterial oxidation. The development and investigation of 
mathematical models of the process is a necessary step on the way to 
creating a controlled bioleaching technology. 

APPENDIX 

Notation of the Variables Used in the Present Paper 

S - concentration of a growth-limiting substrate or "concentra-
tion" of available surface in model (13); 

X - biomass concentration; 
- steady-state biomass concentration in the chemostat; 

V - rate of formation of enzyme-substrate complex; 
Vm  maximum rate of formation of enzyme-substrate complex, 

attained at "infinite" concentration of a limiting substrate; 
p - specific rate of microbial growth; 
pm - maximum specific rate of microbial growth, attained at "in-

finite" concentration of a limiting substrate; 
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K5  - saturation constant which characterizes affinity to substrate 

and is equal to substrate concentration for which J2 = 

K 1  - inhibition constant; 
D - dilution rate in the chemostat; 
t - time; 
T - temperature; 

2, 3 - stoichiometric coefficients in model (15). 
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DIFFERENCES BETWEEN STRAINS OF THIOBACILLUS 
FERROOXIDANS WITH RESPECT TO THEIR ABILITY TO 

OXIDIZE SULPHIDE MINERALS 

STOYAN N. GROUDEV 
Department of Mineral Processing, Higher Institute of Mining and Geology, 

Sofia, Bulgaria 

INTRODUCTION 

Many papers have been published on the ability of T. ferrooxidans 
to oxidize different suiphides and most data have recently been sum-
marized in an excellent review [19]. In general, the susceptibility of 
the different sulphide minerals and even the susceptibility of the 
different specimens of a given sulphide mineral to bacterial oxidation 
by T. ferrooxidans is quite different [2, 3, 5-11, 13, 14, 19, 20]. 
This is undoubtedly due to their different mineralogical nature [3, 4, 
14, 22, 23]. On the other hand, it has been shown that different metal 
extraction rates are achieved when one and the same mineral specimen 
is leached by different strains of T. ferrooxidans [7, 91. These differen-
ces are connected with the specific characteristics of the strains. It 
is known that from a taxonomic point of view the species T. ferrooxi-
dans can be regarded as a rather heterogeneous population characteri-
zed by marked physiological elasticity [4, 17]. It is very important 
to know which peculiarities of these bacteria are needed to achieve 
a more rapid oxidation rate. The present study aims at elucidating on 
this problem of biological leaching by means of a comparison bet-
ween strains with respect to their oxidizing activity and various 
physiological and biochemical properties which were determined 
during the microbial growth on different sulphide minerals. 

MATERIALS AND METHODS 

370 different strains of T. ferrooxidans isolated from acid mine 
drainage waters and ore lumps of various mines and dumps in Bulgaria 
were used. The strains were maintained on 9K medium [18] with Fe 2t 
S°  or sulphide minerals as a source of energy. 

The following mineral substrates were used: two natural pyrite 
specimens (FeS 2  I and FeS 2  II), three natural chalcopyrite specimens 
(CuFeS 2  I, CuFeS 2  II and CuFeS 2  III), a natural covellite specimen 
(CuS I), a synthetic covellite specimen (CuS II), a natural sphalerite 
specimen (ZnS), a synthetic nickel sulphide (NiS), a synthetic cobalt 
sulphide (C0S) and a natural arsenopyrite specimen (FeAsS). 

The two pyrite specimens were of a high degree of purity. The 
FeS 2  I contained 43.0 % iron, 49.2 % sulphur and 7.8 % impurities, 
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andtheFeS 2  II contained 42.8 % iron, 48.8 % sulphur and 8.4 % 
impurities. The CuFeS 2  I was the main mineral in a concentrate con-
taining 16.52 % copper, 29.06 % iron and 31.20 % sulphur. The 
CuFeS 2  II and CuFeS 2  III were magnetically separated from the 
gangue of the respective ores and the repetition of the magnetic 
cleaning procedure several times produced extremely pure chaicopyri-
te mineral specimens. The CuS I contained only 1.9 impurities. The 
impurities consisted mainly of silicate gangue and pyrite (0.23 % iron 
in the sample), no other copper minerals were represented. The CuS II 
was prepared by the method described by Dutrizac and MacDonald 
[3]. The ZnS contained 62.80 % zinc, 32.72 % sulphur and 1.71 % 
iron. The FeAsS contained 43.77 % arsenic. 30.02 % iron and 18.54 % 
sulphur. The NiS and CoS were analytically pure. 

The leaching of minerals was carried out in 300 ml Erlenmeyer 
flasks containing 95 ml iron-free 9K medium, 5-20 g substrate 
(crushed to —400 mesh, with the exception of the FeS 2  I and FeAsS 
which were crushed to —325 mesh) and 5 ml of an active culture of 
T. ferrooxidans, previously adapted to the mineral being leached, and 
containing 2 x 108  cells/ml. pH of the leach suspensions was adjusted 
to 2.3, with the exception of the pH of the pyrite suspensions which 
was adjusted to 1.65. This low pH was needed to avoid iron precipi-
tation. The flasks were cultivated on a reciprocal shaker with 160 
strokes per minute, in the dark, at 35 °C. The water losses due to 
evaporation were compensated by addition of distilled water, and 
pH was readjusted with 1 N sulphuric acid or 1 N sodium hydroxide. 
In the sterile control flasks, 5 ml of a methanol solution containing 
2 % of thymol were added instead of the inoculum. 

The kinetics of metal extraction was followed by periodic deter-
minations of the dissolved metal concentration in aliquots taken from 
the leach suspensions. The volume of these suspensions was compen-
sated by a 9K iron-free medium. The rate of metal extraction was 
estimated from the linear part of a plot representing the dissolved 
metal concentration as a function of time, use being made of the 
linear method of least squares fitting. 

The physiological and biochemical characterization of the strains 
was carried out accordingly the methods described by Groudev [41. 
The ferrous- and sulphur-oxidizing activities were determined by 
shake-flask technique. The activity of the enzymes tested was expres-
sed as nmoles of substrate transformed per minute per milligram of 
protein. Cell fractions S 10  of crude extracts of cells grown on diffe-
rent suiphide minerals were used. All analytical, microbiological and 
biochemical procedures used have been described earlier [4, 121. 

RESULTS AND DISCUSSION 

Data about the metal extraction rates achieved during the biologi-
cal and chemical oxidation of the sulphide minerals are shown in Tab-
le 1. Each suiphide was oxidized by the different strains under identi- 
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cal conditions which seemed to be the optimal or, at least, the closest 
to the optimal for most strains. The pyrite specimens only were oxidi-
zed at pH which obviously was too low for achieving the highest pos-
sible oxidation rates. 

Table 1 

Metal extraction rates achieved during biological and chemical oxidation 
of suiphide minerals 

Sulphide 	Biological oxidation Chemical 
mineral 

	

	 I 	 oxidation 
rate achieved by rate achieved by 
the most active 	the least active' 

strain 	strain 

Metal extraction rate, mg/i. h* 
FeS2  I 12.4 6.7 0.3 
FeS2  11 48 19 0.9 
CuFeS 2  I 194 12 7.9 
CuFeS2  II 86 7.1 6.0 
CuFeS 2  III 10.8 2.5 2.5 
CuSI 170 44 11 
CuSI1 52 17 5.1 
ZnS 387 156 24 
NiS 431 118 14 
CoS 408 88 12 
FeAsS 44 14 3.7 

* - The copper and arsenic extraction rates were determined during the oxidation 
of chalcopyrite and arsenopyrite, respectively. 

The histograms of the strains distribution in accordance with their 
metal extraction rates during the oxidation of the different suiphide 
minerals are shown in Figures 1-5. 

The FeS 2  I was much more unsusceptible to oxidation than the 
FeS2  II. The pH of the leach solution decreased during the oxidation 
and when dropped below 1.3 was the most important rate-limiting 
factor. However, in some tests only the pyrite was leached not to 
completion in spite of the fact that the pH was lowered to about 1.0 
at the end of leaching. It must be noted that most strains were inhibi-
ted below pH 1.3 during growth in soluble ferrous iron media. There 
was not a clear relation&hip between the levels of the pyrite oxidation 
rates, on the one hand, and those of the ferrous iron and elemental 
sulphur oxidation rates, on the other (Table 2). Nevertheless, the 
strains which oxidized the pyrite at the highest rates oxidized the 
ferrous iron and elemental sulphur also very rapidly. 
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Table 2 

Ferrous-oxidizing and sulphur-oxidizing activities of different ferrobacilli 
classes formed on the basis of bacterial oxidation rates versus FeS 2  I 

Class 	Fe 2 -oxidizing activity 	S0  -oxidizing activity 

Substrate oxidation rate, mg/i . hr 
I 	 'p01 	 4.27 
II 	 309 	 3.71 
III 	 243 	 3.92 
IV 	 263 	 3.20 
V 	 218 	 2.47 
VI 	 210 	 2.61 
VII 	 227 	 2.71 
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The oxidation rates highly depended on the ferric iron content and 
the Fe 3 fFe2  ratio in the leach solution. The maximum pyritic iron 
extraction rates were achieved at ferric content above 10 g/l and 
Fe34/Fe2  ratio above 8.5 : 1. The pyrite oxidation in the presence of 
different initial concentrations of Fe 3  was characterized by an 
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increased rate as well as by a shortened lag-phase in comparison with 
the oxidation earned out without addition of Fe 3  

Norris and Kelly [15] suggested that the progressive release and/or 
oxidation of iron from pyrite rather than the rate of suiphide oxida-
tion or release was the limiting factor in growth of T. ferrooxidans. 
However, the coating of sulphur on the pyrite surface was a more 
pronounced in tLe tests with strains which oxidized pyrite at low rates. 
This was an indication that high sulphur-oxidizing activity was also 
needed to achieve a fast pyrite oxidation rate. 

In general, the strains which oxidized the first pyrite specimen 
(FeS2  I) more rapidly oxidized also the second pyrite specimen 
(FeS 2  H) at higher rates than the other strains. 

The susceitibility of the three chalcopyrite specimens to oxidation 
by T. ferrooxidans was quite different. There was manifest 
relationship between the electrode potentials and the oxidation rates 
of the different specimens. The oxidation rates were also related to 
the level of the difference between the mineral electrode potential 
and the oxidation reduction potential of the leach solution [7, 91. 
These data are in support of the hypothesis about the operation of an 
electrocheinical oxidation system during the leaching of suiphide 
minerals by T. ferrooxidans [23]. However, it was found that some 
strains were not capable of promoting the leaching of chalcopyrite. 

The strains which oxidize the chalcopyrite at the highest rates were 
characterized by their higher sulphur-oxidizing activity (Table 3) and 
activity of the enzymes participating in the transformation of sulphur 
compounds (Table 4). The activity of the rhodanese was particularly 
high. This enzyme is involved in the cleavage of thiosulphate and pro-
bably facilitates the action of the suiphite oxidase. It is also known 
that thiosuiphate inhibits the biological oxidation of ferrous iron and 
sulphide minerals [16], and that the sensitivity of ferrobacilli versus 
heavy metal ions increases during the oxidation of thiosuiphate 121]. 
The adenosine phosphosuiphate (APS) metabolic pathway, connected 
with a substrate phosphorylation, was not important during the chal- 
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copyrite oxidation. The most active strains usually possessed a high 
ferrous-oxidizing activity but there was not manifest relationship 
between the levels of the chalcopyrite oxidation rates, on the one 
hand, and those of the ferrous iron oxidation rates, on the other 
(Table 3). The addition of exogenous iron did not accelerate the 
oxidation of chalcopyrite. Some strains possessing a high ferrous-
oxidizing activity but a relatively low sulphur-oxidizing activity 
oxidized the CuFeS 2  I at high rates (above 150 mg/l h). However, 
their activity towards the other chalcopyrite specimens was low. It 
is possible that the oxidation of CuFeS 2  I by those strains is carried 
out by means of the mechanism suggested by Dugan and Randles 
[ 1 ] for the pyrite oxidation, i.e. the strains oxidize the iron atoms in 
the crystal lattice and these atoms act as intermediary electron 
acceptors during the suiphide atoms oxidation. 

The two covellite specimens markedly differed from each other 
with respect to their susceptibility to bacterial oxidation. It must 
be noted, however, that the two specimens were oxidized under dif-
ferent conditions. The synthetic covellite (CuS II) was oxidized in 
absence of iron. Therefore, its oxidation was carried out by the direct 
mechanism. On the other hand, most of the iron contained in the 
natural covellite specimen dissolved during the leaching, i.e. all expe-
riments were carried out in the presence, though at different concen-
trations of iron ions (some final solutions used in the tests assayed 
up to 7 5-80 mg/l iron). 

The electrode potentials of one and the same covellite specimen 
were different in the presence of different strains of T. ferrooxidans. 
The electrode potential- minus oxidation reduction potential differen-
ces were also different. The electrode potentials were lower and the 
electrode potential minus oxidation reduction potential differences 
were greater when a given specimen was oxidized by a more active 
strain [9]. 

The strains which oxidize the covellite most rapidly are characteri-
zed by their high sulphur-oxidizing activity (Table 5) as well as by 
the activity of those enzymes which participate in the sulphur 
compounds transformations (Table 6). The activity of the rhodanese is 
very high and the APS-metabolic pathway is not important during 
the covellite oxidation. 

The exogenous addition of soluble iron exerted a different effect on 
the oxidation rates of the various strains. The rates of most strains 
were accelerated more significantly versus the synthetic covellite but 
only slightly versus the natural covellite. The accelerations of the 
oxidation rates of the least active strains were the most significant. 
Elemental sulphur was always detected by X-ray diffraction and mass 
spectrometry on the surface of covellite leached by these strains. It 
is clear that their low sulphur-oxidizing activity, for which they are 
not able to remove the protective sulphur films, is an obstacle to the 
indirect (Fe 3 -dependent) mechanism to proceed to a greater extent. 
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Exogenous iron impeded the oxidation rates versus the natural 
covellite of some of the most active strains (of classes I, II and III), 
and was without noticeable effect on the rates of the other strains of 

Table 3 

Ferrous-oxidizing and sulphur-oxidizing activities of different ferrobacilli 
classes formed on the basis of bacterial oxidation rates versus CuFeS 2  I 

Class 	I 	Fe'-oxidizing activity 	I 	S°  -oxidizing activity 

Substrate oxidation rate, mg/i' h 

I 266 4.39 
II 275 4.12 
III 257 3.54 
IV 251 3.25 
V 220 3.19 
VI 243 3.05 
VII 200 2.73 
VIII 214 2.44 
IX 182 1.78 
X 205 1.51 

Table 4 

Activity of enzymes participating in transformations of inorganic sulphur and 
iron compounds by Thiobacillus ferrooxidans * 

Specific activity 
(nmoles/min- mg protein) 

Enzyme 
Class I Class X 

Sulphur-oxidizng 	enzyme 189 2.18 
Suiphite oxidase 268 9.11 
APS-reductase 4.12 0.84 
ADP-sulphurylase 3.24 0.97 
Adenylate kinase 14,4 11.0 
Thiosuiphate-oxidizing enzyme 5.32 0.61 
Rhodanese 325 27.1 
Fe2'-cytochrome c reductase 3.42 1.31 
Cytochrome oxidase 3.31 1.35 

* - Cell fractions S 10  of crude extracts of CuFeS 2  I-grown cells were used; the 
classes were formed on the basis of the bacterial oxidation rates versus 
CuFeS 2  I. 

Abbreviations: APS - adenosine phosphosulphate 
ADP - adenosine diphosphate 
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this group as well as on the rates of some moderate strains (of classes 
IV—VI). A possible explanation of this finding is the action of the 
direct mechanism only. A simultaneous action of the indirect 
mechanism, however, cannot be excluded with certainty. 
indirect mechanism, however, cannot be excluded with certainty. 

Although it is known that only minor concentrations of ferric iron 
are needed for the indirect mechanism to proceed efficiently [2, 41, 

Table. 5 

Ferrous-oxidizing and sulphur-oxidizing activities of different ferrobacihi classes 
formed on the basis of bacterial oxidation rates versus CuS I 

Class 	 Fe2 -oxidizing activity 	S°  -oxidizing activity 

Substrate oxidation rate, mg/I. h 
I 	 257 	 4.57 
II 	 248 	 4.40 
III 	 268 	 3.61 
IV 	 243 	 3.32 
V 	 251 	 3.11 
VI 	 231 	 3.14 
VII 	 211 	 2.61 
VIII 	 219 	 1.80 
IX 	 199 	 1.56 

Table 6 

Activity of enzymes participating in transformations of inorganic sulphur and 
iron compounds by Thiobacillus ferrooxidans * 

Specific activity 
(nmoles/min• mg protein) 

Enzyme 
Class I 	 Class IX 

Sulphur-oxidizing enzyme 	 208 	 3.56 
Sulphite oxidase 	 270 	 11.09 
APS-reductase 	 3.92 	 0.80 
ADP-sulphurylase 	 3.81 	 0.77 
Adenyhate kinase 	 11.01 	 9.12 
Thiosulphate-oxidizing enzyme 	5.55 	 0.59 
Rhodanese 	 301 	 23.00 
Fe2 -cytochrome c reductase 	3.20 	 1.98 
Cytochrome oxidase 	 3.09 	 1.81 

* - Cell fractions S 10  of crude extracts of CuS I-grown cells were used; the classes 
were formed on the basis of the bacterial oxidation rates versus CuS I. 

Abbreviations: APS - adenosine phosphosulphate 
ADP - adenosine diphosphate 
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the large spectrum of different oxidation rates observed during the 
leaching of the natural covellite suggests that the copper solubilization 
from this specimen is not due solely to the indirect mechanism. It 
seems that both the direct and indirect mechanisms operate simulta-
neously but the character of this simultaneous action can be different: 
either synergic or competitive. In any event, the level of the strain 
sulphur-oxidizing activity is the most important rate-controlling factor. 
On the one hand, this activity is the basis of the direct mechanism, 
and, on the other hand, to some extent it is also beneficial to the 
indirect mechanism. It is logical to be assumed that the direct to 
indirect mechanism ratio during the natural covellite oxidation 
probably increases with the increase of the sulphur-oxidizing ability 
of the strains. 

It was found that the high rates of sphalerite oxidation were also 
connected with the high levels of sulphur-oxidizing activity of the 
respective strains (Table 7) as well as with the high activities of their 
sulphur-compoind transforming enzymes (Table 8). The particularly 
high activity of the rhodanese and the low activities of the enzymes of 
the APS-metabolic pathway were also observed. 

The effect of iron added to the leach system on the zinc solubiliza-
tion rates depends on its concentration as well as on the peculiarities 
of the strains used. The rates of the most active strains (of classes 
I—Ill) were not or were only slightly accelerated by the addition of 
ferrous iron in concentrations up to 3 g/l. It must be noted, however, 
that most iron contained in the sphalerite dissolve'd during the 
leaching, and this endogenous iron raised but only slightly and tempo-
rarily the total iron concentrations. In fact, a significant part of the 
soluble iron, endogenous and exogenous, precipitated as basic ferric 
suiphates. The iron added in higher concentrations (from 4 to 27 g/l) 
had no effect or only slightly retarded the leaching rates of those 
strains. The retarding effect was probably due to the greater extent 
of iron precipitation on the sphalerite surface. 

The exogenous iron accelerated the zinc soluhilization rates of most 
of the moderate strains (of classes IV—VII) as well as the rates of all 
least active strains (of classes VIII—X). The concentrations from 9 to 
15 g/l of iron added were most efficacious. The surface of the sphale-
rite leached by those strains, especially at higher iron concentrations, 
was partially covered by elemental sulphur. This sulphur was not 
removed in time because of the relatively low sulphur-oxidizing acti-
vities of the respective strains, and, together with the iron precipitates, 
retarded the zinc extraction rates. 

The exogenous ferric iron had a similar effect on zinc leaching, and 
only the initial zinc extraction rates were accelerated in its presence. 

The estimations of the cell yields m' i.e. the cell mass per mole 
of sphalerite oxidized, by the net nitrogen concentrations showed that 
the yields were much larger than those predicted by oxidation with 
ferric iron only. Furthermore, the increase of the leaching rates was 



connected with an increase of the cell yields (values of Y m from 
1.412 to 4.311 g/mole were found). 

It can be assumed from the above data that both direct and indirect 
biocatalytic mechanisms operate simultaneously during the sphalerite 

Table 7 

Ferrous-oxidizing and sulphur-oxidizing activities of different ferrobacilli classes 
formed on the basis of bacterial oxidation rates versus ZnS 

Class 	Fe2 -oxidizing activity 	
[ S

0  -oxidizing activity 

Substrate oxidation rate, mg/i . hr 
I 	 259 	 4.59 
II 	 253 	 4.37 
III 	 263 	 3.86 
Iv 	 251 	 3.40 
V 	 239 	 3.10 
VI 	 228 	 2.69 
VII 	 210 	 1.99 
VIII 	 214 	 1.60 
IX 	 199 	 1.72 
X 	 196 	 1.49 

Table 8 

Activity of enzymes participating in transformations of inorganic sulphur and 
iron compounds by Thiobacillus ferrooxidans * 

Specific activity 
(nmoles/min- mg protein) 

Enzyme 
Class I 	 Class X 

Sulphur-oxidizing enzyme 	187 	 3.13 
Suiphite oxidase 	 226 	 10.02 
APS-reductase 	 4.11 	 0.97 
ADP-sulphurylase 	 4.01 	 0.92 
Adenylate kinase 	 13.04 	 9.83 
Thiosulphate-oxidizing enzyme 	3.81 	 0.77 
Rhodanese 	 262 	 18.06 
Fe2 -cytochrome c reductase 	3.69 	 2.28 
Cytochrome oxidase 	 3.59 	 2.11 

* - Cell fractions S 10  of crude extracts of ZnS-grown cells were used; the classes 
were formed on the basis of the bacterial oxidation rates versus ZnS. 

Abbreviations: APS - adenosine phosphosuiphate 
ADP - adenosine diphosphate 
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oxidation by T. ferrooxidans. High sulphur-oxidizing activity is 
needed to achieve a fast leaching rate, and the direct to indirect 
mechanism ratio probably increases with the rise of this activity. 

The rates of metal solubilization from the synthetic NiS and CoS 
depended on the levels of sulphur-oxidizing activity of the strains. 
These sulphides were oxidized in absence of iron. It is known that 
some suiphides including Ni'S, CoS and ZnS can be leached following 
oxidation of elemental sulphur or free sulphide rather than of the 
sulphur moiety of the solid substrate in situ, and that any acidophile 
capable of oxidizing the "free" sulphur, e.g. T. thiooxidans, is capable 
of promoting the leaching [13].  However, the leaching effect is not 
due solely to the oxidation of the elemental sulphur being formed, 
since T. thiooxidans, which is a more efficient S°  oxidizer than T. fer-
rooxidans, oxidized these suiphides more slowly than some strains of 
T. ferrooxidans. It seems that at least some strains of T. ferrooxidans 
are capable of dissolving metals from NiS, CoS and ZnS also by direct 
attack on the suiphide moiety of the minerals. 

The arsenic solubiization rates were accelerated by the addition of 
iron ions. This finding indicates that the indirect Fe 3"-dependent 
oxidative mechanism plays a significant role in the oxidation of ar-
senopyrite, and that the concentrations of iron dessolved during the 
leaching of this mineral were lower than the optimal ones needed for 
achieving maximum oxidation rates. It must be noted that most iron 
contained in the arsenopyrite dissolved during the leaching. However, 
its concentrations in solution were always below 1 g/l since a consi-
derable part of the soluble iron precipitated as iron arsenites and ar-
senates and as basic iron suiphates. 

The elemental sulphur generated during the oxidation of arsenopy-
rite formed passivation films on the mineral surface. The inability of 
T. ferrooxidans to prevent the formation of these- films and/or to 
remove them from the surface was due to the low sulphur-oxidizing 
activity of bacteria in the presence of arsenic. It is a well known fact 
that the sensitivity of T. ferrooxidans to heavy metal ions during ele-
mental sulphur oxidation is greater than during ferrous iron oxidation 
[21]. For those reasons, a high ferrous-oxidizing activity was needed 
to achieve rapid arsenic solubilization. 

The ability of T. ferrooxidans to oxidize suiphide minerals depends 
on its ability to oxidize Fe 2  and S° . The histograms of the strains 
distribution in accordance with their ferrous iron and elemental 
sulphur oxidation rates are shown in Figures 6 and 7, respectively. It 
is clear that the differences between strains are more pronounced in 
relation to their ability to oxidize S °  than in relation to their ability 
to oxidize Fe 2t 

An analysis of all data showed that some strains were able to oxidi-
ze all suiphide minerals tested at high rates, while some other strains 
oxidized all sulphides at low rates. However, a third group of strains 
was the most numerous. This group includes strains whose c idation 
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activities versus the different suiphides markedly differed from each 
other, i.e. a given strain oxidized one or more suiphides at high rates 
but oxidized the other suiphides at moderate or even low rates. More 
comprehensive studies are needed to elucidate the biological bases of 
the specific bacterial "predilections" for given mineral substrates. 
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PART II 

ROLE OF MICROORGANISMS IN CHEMICAL ELEMENT CYCLES 



KINETICS OF THE SULFUR CYCLE 

P.A. TRUDINGER 

Baas Becking Geobiological Laboratory, Canberra, Australia 

I. INTRODUCTION 

In common with most of the terrestrial elements, sulfur is continual-
iy recycled between different chemical forms and between geospheric 
reservoirs. Since organisms are involved at several stages of sulfur 
recycling the process is often referred to as the biogeochemical sulfur 
cycle. Several quantitative assessments of the biogeochemical sulfur 
cycle have been made over the last decade or so [l-5], further referen-
ces are cited by Bremner and Steele [6].  The most recent and com-
prehensive assessment is the SCOPE 19 Report on the Biogeochemical 
Sulfur Cycle [7] and, except where indicated, data on reservoir magni-
tudes and fluxes in this paper are cited from that report. 

A simplified version of the sulfur cycle is illustrated in Fig. This 
shows the principal geospheric reservoirs of sulfur, with estimates of 
their magnitudes, and the various routes by which the element is 
transferred between reservoirs. In this diagram the lithosphere includes 
sediments and magma as well as the crust. All but about 0.01 % of 
the total world sulfur is present in the lithosphere (as metal sulfides, 
mainly pyrite, or sulfate evaporites) or as dissolved sulfate in the 
oceans and seas. 

The quantitatively minor reservoirs - the atmosphere, pedosphere 
and freshwaters - have special significance, however, since they are 
highly mobile and interact directly with the biosphere. Changes in 
these reservoirs, therefore, lead to almost immediate effects on floral 
and fauna! ecosystems. 

Because of the buffering effects of the oceans and lithosphere the 
overall sulfur cycle, in the short-term, approximates a steady state. 
Over geological time, however, it appears that there have been 
episodic shifts in steady state which resulted in major redistributions 
of sulfur between the main reservoirs [8].  There is also concern for the 
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effects that modern industrial practices exert on the mobile sulfur 
reservoirs and the short and long-term consequences of these effects 
for the terrestrial environment [9, 10 ]. 

This paper is an attempt to summarize briefly the kinetics of the 
sulfur cycle as we know it today and, where possible, to indicate 
where Man's activities have a significant impact. It should be recogni-
zed that all estimates quoted are subject to varying degrees of uncer-
tainty due to the limitations of available data and to the many assump-
tions on which calculations are based. Discussion of these uncertain-
ties is outside the scope of this paper but will be found in [7] and 
other publications cited in the text. 

MOSPHERE 	/ BIOSPHERE 
45 	/ 	\ 1000 

OCEANS \ 	ZFRESHWATERS 
AN SEAS 	/ (LA1ES AND 

1.3*10 9  / 	\ RIVERS) 
_/ 	\? 

I HY.DROSPHERE 	41 

LITHOSPHERE)-.-('PEDOSPHERE 
24.3'40 9 	2.710 5  

Fig. A simplified version of the biogeochemical cycle of sulfur 
The magnitudes (Tg) of the atmospheric, hydrospheric, pedo- 
spheric and lithospheric reservoirs are cited from Ivanov and 
Freney 7i. Eriksson's value of 600 Tg for biospheric sulfur 
in land plants has been upgraded to 1000 Tg to allow for an 
oceanic contribution 	This is probably an underestimate. 
Recent estimates of the total land phytomass (5.6 x 10' Tg C 
1291) would correspond to —6000 Tg S assuming an average 

C:S ratio of 100:1 

2. PRINCIPAL CHEMICAL PROCESSES INVOLVED IN SULFUR 
TRANSFER BETWEEN RESERVOIRS 

2.1. Weathering. Oxidative weathering of rocks is accompanied by 
solution of sulfate evaporites and oxidation to sulfate of sulfidic 
minerals, principally pyrite. The latter reaction can be purely chemical 
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in character but can be accelerated by the action of microorganisms, 
particularly chemolithotrophic bacteria, such as Thio bacillus spp. 
and Sulfolo bus, that have the ability to oxidize both ferrous iron and 
reduced sulfur [11]. Information is lacking, however, on the relative 
contributions of chemical and biological processes to in situ weath-
ering [cf. 121. 

2.2. Reduction of sulfate. Abiological. At temperatures in excess 
of about 300 °C, sulfate is reduced by organic matter (equation 1) 
[ 13 ], 

2CH2 O+SO - 2CO 2  +H2 S+20H 	 (1) 
(organic 
matter) 

or ferrous iron [14].  The reaction with ferrous iron has been extensive-
ly studied in relation to high-temperature interactions between sea-
water and basalt (equation 2) and appears to account for the 

11 Fe 2  SiO4  + 2SO + 4H - 7Fe 3 O4  + FeS 2  + 11SiO 2  + 2H 2 0 (2) 
(basalt) 

formation of sulfide in hydrothermal solutions generated during 
circulation of seawater and other waters through the crust [ 15 ]. 

Biological. At the prevailing temperatures of most terrestrial en-
vironments sulfate is reduced biologically. The majority of microorga-
nisms and plants carry out assimilatory sulfate reduction to provide 
reduced sulfur for the synthesis of cysteine, methionine, iron-sulfur 
proteins and other molecules that are essential for an organism's 
structure and physiology. 

Certain bacteria (Table 1), however, utilize sulfate in place of 
oxygen as an electron acceptor in the oxidation of hydrogen or organic 

Table 1 
Genera of sulfate.reducing bacteria [16, 17] 

Genus 	I 	 Habitat 

Desulfobacter Anaerobic mud of brackish water, marine environments 
Desulfobulbus Anaerobic mud of fresh and brackish water, marine en- 

vironments 
Desulfococcus Anaerobic mud of fresh and brackish water, marine en- 

vironments 
Desulfonema Anaerobic marine and brackish water muds 
Desulfosarcina Anaerobic brackish water muds, marine environments 
Desulfotomaculum Soil, freshwater muds, geothermal regions, polluted 

waters 
Desulfovibrio Soil, fresh and brackish water muds, marine environ- 

ments 
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matter for energy production. This is termed dissimilatory sulfate 
reduction. It is a strictly anaerobic process and is limited to environ-
ments where restricted circulation and the presence of organic matter 
favour depletion of oxygen. Such environments include marine and 
freshwater sediments, marine basins and lakes, and waterlogged soils 
[ 18 ]. 

Sulfate-linked oxidation of organic matter yields about 10 % of 
the energy released in analogous oxygen-linked oxidations [19].  As a 
consequence large amounts of sulfate are reduced to provide the 
energy requirements of the dissimilatory sulfate-reducing bacteria. 

2.3. Sulfide oxidation. Sulfide oxidation by chemolithotrophic sul-
fur bacteria has been mentioned in section 2.1 in relation to weathering. 
Much of the sulfide generated in the natural environment by dissi-
milatory sulfate reduction and other biological processes (see section 
2.4), or introduced by volcanism and hydrothermal activity, however, 
is not fixed but is rapidly oxidized to sulfate and other products. 

Both chemical and biological processes are involved in the oxidation 
with the relative contributions depending upon the physical characte-
ristics of the boundary between anoxic and oxic conditions [20].  In 
large deep basins such as the Black Sea, the initial stages of sulfide 
oxidation appear to be almost exclusively chemical. At the other 
extreme, biological factors predominate in sulfide oxidation in cyano-
bacterial or algal dominated shallow water sediments. 

As well as the chemolithotrophic bacteria several heterotrophic 
organisms including Beggiatoa spp., and photosynthetic sulfur bacteria. 
(e.g. Chromatium spp., Chlorobtum spp. and Ectothiorhodospira spp.) 
are involved in sulfide oxidation. Several cyanobacteria also have this 
ability in addition to their normal capacity for oxygenic photosynthe-
sis (Table 2'). 

Intermediate oxidation 	ues are often encountered during sulfide 
oxidation. Elemental sulfur is a common intermediate product of the 
reaction catalysed by photosynthetic bacteria, cyanobacteria and 
beggiatoa, while thiosulfate and polythionates are formed during 
oxidation by chemolithotrophic bacteria. Thiosulfate is also formed 
during chemical oxidation of sulfide. Further oxidation of these in-
termediate sulfur compounds to sulfate appears to be largely biologi-
cal. 

Sulfide oxidation by photosynthetic bacteria and cyanobacteria is 
a strictly anaerobic process, and when they are associated with dissi-
milatory sulfate reducers a complete cycle of sulfate reduction and 
sulfide oxidation is possible in the total absence of oxygen. 

2.4. Degradation of organic matter and formation of volatiles. 
Degradation of sulfur amino acids in organic matter by microorganisms 
is accompanied by the release of a variety of sulfur-containing pro-
ducts. Hydrogen sulfide may be released directly from cysteine by the 
action of cysteine desulfhydrase, or the sulfur moiety can be oxidized 
to the level of sulfite while still attached to the carbon skeleton [22]. 
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Table 2 

Organisms involved in oxidation of reduced sulfur compounds [16, 211 

Genus 	J 	Comments 

Aerobic* 
Beggiatoa Aerobic to microaerophilic, heterotrophic 

Sulfolobus Facultative autotroph, thermophilic, acidophilic 
Thiobacillus Genus includes strict autotrophs, facultative 

autotrophs, mixotrophs and acidotrophs. Some 
species also oxidize ferrous iron. T. denitrificans 
grows anaerobically with nitrate 

Anaerobic (Photosynthetic) 
Chrome tium 
Thiocapsa Elemental sulfur is deposited intracellularly during 
Thiocystis sulfide oxidation 
Thiosarcina 
Thiospirillum 
Amoebobacter 
Lamprocystis Contain gas vacuoles: sulfur deposited in the gas- 
Thiodictyon vacuole-free peripheral part of the cells 
Thiopedw 
Chlanthrochloris 
Chiorobium 
Ectothiorhodospira Elemental su1ftr deposited extracellularly 
Pelodictyon 
Prosthecochioris 
Aphanocapsa 
Chlorogloeopsis Also carry out oxygenic photosynthesis in absence 
Lyngbya of sulfide 
Osdillatoria 
Plectonema 

* - Other organisms associated with sulfidic environments whose metabolism is 
poorly defined include members of the following genera: Thioploca, Thiothrix, 
Achromatium, Thiobacterium, Macromonas, Thiovulum, Thiospira. 

Sulfite-oxidizing systems are present in plants and animals as well 
as in the chemolithotrophic and photolithotrophic sulfur bacteria. 
Carbon-bonded volatile sulfur compounds are also formed from 
cysteine and other sulfur amino acids when incubated with soils 
(Table 3). Many of these compounds have been detected during 
decomposition of plant tissues and in aquatic systems [6]. Carbonyl 
sulfide (COS) can also be produced from pesticides such as nabam 
(disodium ethylene-bisdithiocarbamate) both in soil and fungal cultu-
res. 
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Table 3 

Volatile sulfur compounds evolved from soils 
treated with sulfur-containing amino acids [6] 

Volatile S compound Amino acid source 

CS2  cysteine, lanthionine, djenkolic acid, homocysteine 
CH 3 -SH methionine, methionine sulfoxide, methionine 

sulfone, S-methyl cysteine 
CH3 -S-CH 3  methionine, 	methionine sulfoxide, methionine 

sulfone, S-methyl cysteine, homocysteine 
CH 3 -S..S-CH 3  methionine, methionine sulfoxide, methioriine 

sulfone, S-methyl cysteine 
CH3 CH 2 SH ethionine, S-ethylcysteine 
CH3  CH 2 -S-SCH 3  ethionine, S-ethylcysteine 
CH 3  CH 2  -S-CH 3  ethionine, S-ethylcysteine 
COS lanthionine, djenkolic acid 

2.5. Oxidation of volatile sulfur compounds. Volatile sulfur com-
pounds undergo rapid oxidation in the troposphere. The chemistry is 
complex but it is thought that a major process is gas'phaseoxidation 
by photochemically produced hydroxyl radicals. Rate constants for 
experimental oxidation of volatile sulfur compounds by OH radicals 
range from about 100  to  104I  cm 3  molecule' . (Table 4). 

Table 4 

Rate constants for OH + volatile sulfur compounds [23] 

Gas 

CH 3 -S-S-CH 3  223 
CH 3 SH 90.4 

CH 3 -S-CH 3  9.1 
H 2 S 5.0 
sO2  0.72 
CS2  0.43 
COS <4 x 1O 

* - (cm 3  - molecule' s') x 10-12  

Volatile sulfur gases are also absorbed by soil where oxidation may 
take place, perhaps mediated by microorganisms [6]. 
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3. MAJOR FLUXES OF THE BIOGEOCHEMICAL SULFUR CYCLE 

Estimates of the overall rates of sulfur transfer between the prin-
cipal reservoirs of the modern biogeochemical sulfur cycle are listed 
in Table 5. 

Table 5 

Fluxes of the modern biogeochemical sulfur cycle 

Route Section 
in text 

Total flux 
(Tg yf t ) 

Anthropogenic 
contribution 

(Tgyf') 

Lithosphere - pedosphere 3.1 71 33 
Lithosphere - oceans & seas 3.2 16 
Lithosphere -atmosphere 3.3 141 113 
Oceans & seas - lithosphere 3.4 125 
(sediments) 
Oceans & seas -* atmosphere 3.5 163 
Oceans & seas - biosphere 3.6 500 
Pedosphere - atmosphere 3.7 72 36 
Pedosphere and lithosphere 3.8 171 57 
freshwaters 
Pedosphere -* biosphere 3.9 600 
Atmosphere - pedosphere 3.10 120 83 
Atmosphere -* oceans & seas 3.11 258 
Atmosphere - freshwater 3.12 72 
Atmosphere - biosphere 3.13 
Freshwaters -oceans, seas 3.14 243 104 
& inland drainage basins 
Freshwaters - biosphere 3.15 30 

3.1. Lithosphere to pedosphere. Most of the sulfur in the pedosphe-
re is derived from weathering of plutonic and sedimentary rocks. 
Estimates of this flux have been made from calculations of global 
weathering rates and average sulfur concentrations of rocks. According 
to [51, it amounts to about 66 TgS yf 1  of which roughly 50 % is due 
to increased weathering resulting from Man's activities. An additional 
5 TgS yf 1  is added directly to the pedosphere by volcanism. 

3.2. Lithosphere to oceans and seas. Direct routes (with estimated 
fluxes in TgS yi') by which sulfur is transferred from the lithosphere 
to the oceans and seas are by groundwater (9.0), abrasion of shorelines 
(2.0) and glacial weathering (5.0). An additional source is under-
water hydrothermal activity. Exhalation of sulfurous waters is asso-
ciated with some oceanic spreading centres (e.g. the East Pacific Rise 
system [241) and rift-related inland seas (e.g. the Red Sea [251) but, 
at present, no realistic estimate can be made of the contribution from 
these sources to the sulfur of oceans and seas. 
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3.3. Lithosphere to atmosphere. Sulfur is emitted to the atmosphere 
from the lithosphere in the form of hydrogen sulfide and sulfur 
dioxide in volèanic gases. The estimate flux from this source is 
29 TgS yf 1 . 

However, roughly four times this amount (113 TgS yf') is current-
ly contributed by Man through smelting and the combustion of solid, 
liquid and gaseous fuels. The rate of increase in this anthropogenic 
flux from 1950 onwards is approximately four times that in the 
period 1880 to 1950 [10]. 

3.4. Oceans and seas to lithosphere. Sulfur is fixed in the sediments 
of oceans and seas as evaporites, as sulfate in clays and biogenic 
carbonate, and as metal sulfides, mainly those of iron. Evaporite de-
position is mostly limited to arid, shallow water environments where 
intense evaporation and concentration of seawater causes the solubili-
ty products of gypsum and aragonite to be exceeded. The average 
sulfate-sulfur in the solid phase of ocean sediments is about 9.55 % 
on a dry mass basis with roughly equal proportions of CaSO 4  and 
barite. The average concentration of sulfate-sulfur in biogenic carbona-
te is about twice that of the overall sediment. Most of the reduced 
sulfur incorporated into ocean sediments appears to. be of biogenic 
origin. Incorporation is most intense on the continental shelves, slopes 
and rises where authigenic and terrestrial organic carbon required for 
bacterial sulfate reduction is most abundant. Most of the reduction 
takes place in the near surface layers of sediment. Additional factors 
are necessary for the fixation of sulfide which is not necessarily a 
function of sulfate reduction intensity. Generally fixation is control-
led by the supply of available metals, notably iron [261 while anae-
robic conditions must be maintained within the sediment to allow 
preservation of fixed sulfide. From the average rate of sedimentation 
and average reduced sulfur content of sediments, the flux of reduced 
sulfur to the ocean sediments has been estimated to be of the order 
of 97 TgS yf 1 . Similar calculations for incorporation of solid phase 
sulfate yield a flux of about 20 TgS yrT'. To this should be added an 
estimated 8 TgS yf' of sulfate-sulfur trapped in pore water on the as-
sumption that most of this sulfur will eventually be incorporated into 
sedimentary rock. 

No estimates are available for the present rates of evaporite deposi-
tion or incorporation of hydrothermal sulfides into sediments. Howe-
ver, Hoizer and Kaplan [27] calculate that, over geological time, the 
rate of evaporite formation has been close to twice that of sulfide 
fixation. 

3.5. Oceans and seas to atmosphere. Emission of sulfate in sea 
spray is the major mechanism of transfer of oceanic sulfur to the 
atmosphere. It is estimated to amount to 140 TgS yrT 1 . 

Additional sulfur is introduced by volatile gases (112  S, COS, dimet-
hyl sulfide, etc.) generated by biological reduction of sulfate and the do 
composition of organic matter. The magnitudes of these fluxes are 
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difficult to evaluate globally. Analytical data are sparse and there are 
uncertainties regarding the extent to which hydrogen sulfide is oxidi-
zed before any significant mixing with the atmosphere takes place. 
Direct determinations on coastal sediments have demonstrated that. 
maximum H 2  S emissions occur at night when the activities of photo-
synthetic sulfide-oxidizing bacteria are suppressed [2 8 ]. 

From limited data on emission of reduced sulfur gases from sandy 
sediments and coastal marshlands the estimated annual flux from 
littoral zones is 5 TgS. An additional flux of 15 TgS yf' has been 
calculated for the open oceans from estimates of the reduced sulfur 
content of the atmosphere above the oceans and its average resident 
time. Both flux estimates, however, have an order of magnitude error 
of uncertainty. 

3.6. Oceans and seas to biosphere. An estimate of the flux of sulfur 
transfer from the oceans to the biosphere can be made from calcula-
ted rates of primary organic matter production which vary from about 
1.5 to 12.5 x iO' TgC yf' with an average of '5 x 10 Tg [29; 
301. The last author calculated an annual primary production of 
4.35 x 10 TgC which included a contribution of 20.3 % for extra-
cellular excretion of organic matter. 

Assuming a value for primary production of 5 x 	TgC yf' and 
average carbon to sulfur ratio of 100 1, the flux of sulfur from the 
oceans to biosphere would be in the order of 500 TgS . yf'. 

3.7. Pedosphere to atmosphere. Sulfur enters the atmosphere from 
the pedosphere in aeolian dust and as volatile gases of biogenic origin. 
Dust emissions vary considerably with space and time and are con-
centrated largely in and zones with limited ground cover. They have 
been considered by some to be an insignificant source of atmospheric 
sulfur [5] but, in the SCOPE Report, an estimated flux of 20 TgS yf' 
is reported. 

It can be presumed that deforestation and other activities initiated 
by Man have increased aeolian dust emission but no estimates of this 
contribution have been made. 

Biogenic sulfur-containing gases that have been reported as being 
emitted from soil include carbonyl sulfide, dimethyl sulfide, dimethyl 
disulfide, methyl mercaptan and hydrogen sulfide. It is likely, 
however, that most H 2  S produced in soil is fixed as iron sulfides. 

The flux of biogenic sulfur from the pedosphere to the atmosphere 
has been calculated indirectly from data on the content and resident 
time of reduced sulfur in the atmosphere over the continents. The cal-
culated flux of -16 TgS . yf' has a high degree of uncertainty. 

Atmospheric sulfur is also derived indirectly from the pedosphere 
through natural and man-induced burning of forests and grasslands. 
The magnitude of this flux is uncertain. Hampicke [31] estimated that 
about 3.6 x 103  Tg of carbon are released as CO2  annually during 
clearing of forests and woodlands by controlled burning. If it 
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is assumed that the average carbon to sulur ratio for organic matter 
is 100 : 1 and that all sulfur is converted to SO 2  and other volatile 
sulfur gases during burning, then about 26 TgS yf' are released to 
the atmosphere by this anthropogenic activity. 

3.8. Pedosphere and lithosphere to fresh waters. Weathering of 
rocks and soils provides the main non-anthropogenic input of sulfur 
to the rivers and lakes of continents. The total flux is estimated to be 
—114 TgS . yrT'. 

Increasing amounts of sulfur are, however, being added directly 
from anthropogenic sources, principally washout of fertilizer sulfur 
from soils TgS yrT'), effluents from chemical industries 
(28 TgS . yf ) and discharges (acid mine water) from mining opera-
tions (1 TgS yf'). When to these is added the estimated flux of 
anthropogenic sulfur transferred to rivers and lakes via the atmosphere 
and soil (see section 3.12) it is clear that about 50 % (104 TgS . yf') 
of the present input of sulfur to the global freshwater system arises 
from the industrial activities of man. 

3.9. Pedosphere to biosphere. As in the case of the oceans, estima. 
tes of the annual primary productivity of land plants vary widely 
(from about 1.0 to 10.6 x 104  TgC yrT' [29]).  Based on the recent 
estimate by Ajtay et al. [29] of 6 x 104  TgC . yf', and employing 
the same criteria as those used to estimate the sulfur flux from oceans 
to biosphere, the analogous flux from pedosphere to biosphere is of 
the order of 600 TgS yf'. 

3.10. Atmosphere to pedosphere. Inputs from the atmosphere to 
the pedosphere are: sulfur in precipitation; dry deposition of sulfates; 
absorption of volatile gases by soils. Both precipitation and dry depo. 
sition include sulfur originating from sea spray, from aeolian dust and 
from atmospheric oxidation of sulfur dioxide and other volatile sulfur 
gases. 

The global flux of sulfur in precipitation is estimated at 
51 TgS . yf' from data on the sulfur content of rain waters. Regional 
fluxes vary extensively, however, due to the differing proportions of 
sea spray, aeolian and volatile gas sulfur in the atmosphere, and to 
differing rates of precipitation. For most of the continental surface 
the contribution from sea spray is minimal. The estimated fluxes for 
arid, industrial, and non-industrial continental regions are 3, 37, and 
11 TgS . yf', respectively. 

Sulfate-containing patticles in the atmosphere vary in size according 
to their origin. Particles from gas phase reactions range from 0.1 to 
1 .zm in diameter and those from sea spray and aeolian emission range 
from 0.5 to 10 jim and 1 to 100 pm, respectively. As in the case of 
precipitation, dry deposition on the continents involves mainly par-
ticles of aeolian and gas phase origins. Their average rates of deposi-
tion are calculated to be 0.2 and 1.5 cm ' , respectively: the rate of 
deposition of sea spray particles is assumed to be '-0.5 cm . s . The 
total flux of dry deposition of particulate sulfur on the continents is 
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estimated at —'16 TgS yf' about half of wnich is deposited in zones 
of intensive aeolian weathering. 

Most studies on the uptake of volatile sulfur gases by soils have 
dealt with sulfur dioxide. Rates of absorption depend upon the 
physical, chemical and biological pjoperties of the soil surface and are, 
as expected, 'higher for calcareous soils than acidic soils, and increase 
with relative humidity. The average rate of SO2  absorption for all 
continental conditions is estimated to be 0.5 to 0.6 cm ' and 
the total flux of §ulfur from the atmosphere to pedosphere in the 
order of 17 TgS yr". 

The overall flux of sulfur from the atmosphere to the continents 
(soils plus freshwater systems) is ' 84 Tgs yrT' about half of which 
(47 TgS. yf') is the result of anthropogenic processes. 

3.11. Atmosphere to oceans and seas. The inputs of sulfur to the 
oceans and seas are similar to those to the pedosphere except that 
sulfur in sea spray becomes quantitatively more significant. About 
230 TgS is transferred annually on a global scale half of which arises 
from sea spray. 

Absorption of SO2  by the oceans occurs at a rate of -' 0.8 cm . 
and the annual input of sulfur via this route is estimated at 11 Tg. 
Dry deposition amounts to 17 TgS . yr". 

3.12. Atmosphere to fresh waters. it is assumed that most of the 
sulfur transferred from the atmosphere to the continents eventually 
enters the freshwater system via rivers. 

The estimated flux of sulfur from the atmosphere to fresh waters 
by precipitation and dry deposition is 72 TgS . yr". As indicated in 
section 3.10, at the present most of this sulfur  (47 TgS • yf') is 
derived originally from burning of fossil fuels and industrial activities 
of Man and is returned to the continents as acid rain. 

3.13. Atmosphere to biosphere. Direct transfer of sulfur from the 
atmosphere to the biosphere is via uptake of SO 2  and perhaps other 
volatile gases by plants and soil microflôra. No estimate of this flux 
has been made and it is incorporated in the flux from the atmosphere 
to pedosphere. 

3.14. Freshwaters to oceans and inland drainage basins. Sulfur in 
rivers is present as dissolved sulfate and as sulfates and sulfides in 
particulate matter. Most of this sulfur is discharged to the oceans. The 
estimated fluxes are 208 and 5 TgS yr" for dissolved and particul4te 
sulfur, respectively. About 50 % of the dissolved sulfate arises from 
anthropogenic processes. 

A proportion of the total sulfur in rivers ('-' 35 TgS yf') is depo-
sited in the sediments of lakes and inland drainage basins. 

3.15. Freshwater to biosphere. Ajtay et al. estimate the annual 
primary productivity of lakes and streams to be 400 TgC. This 
corresponds to a flux of sulfur from fresh waters to the biosphere of 
'-'4TgS.yf' [ 291. 
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3.16. Biospheric sulfur. Most biospheric sulfur is rapidly recycled 
to the pedosphere and hydrosphere. A small proportion, however, 
becomes incorporated into the lithosphere in fossil organic matter. 

Fixation of sulfur during peat formation has been estimated to 
amount to 0.6 TgS yf 1  while Eriksson calculated a flux of 

14 TgS . yf_ 1  for the total transfer of organic sulfur to the li- 
thosphere [ 1 ]. 

4. GENERAL OBSERVATIONS 

Table 6 shows the total inputs and outputs for the hydrosphere 
(oceans, seas and inland drainage basins), the atmosphere, and the 
combined lithosphere-pedosphere system. It is immediately apparent 
that while the atmosphere approximates homoeostasis with respect to 
total sulfur (note, however, that this does not reflect changes in qali-
ty), there is a distinct trend towards a transfer of sulfur fIn the 
lithosphere-pedosphere to the hydrosphere. The magnitude of this 
transfer ( 160 TgS . yf 1 ) is close to that of the estimated utilization 
of lithospheric sulfur in fossil fuels, smelting and fertilizers 
(' 170 TgS . yf'). The general conclusion, therefore, is that the mo-
vement of sulfur from the lithosphere-pedoshere to the hydrosphere 
is the consequence of Man's socio-industrial activities. 

From Table 5 the total flux of sulfur through the biosphere amOunts 
to about 1130 TgS . yf'. This is about the same as the total flux 
through all other reservoirs (Table 6) and highlights the importance of 
the biosphere in the overall cycling of sulfur in the present environment. 

Table 6 

Summary of major sulfur fluxes 

Fluxes, TgS yf' 

Input Output Balance 

Oceans, seas and inland 517 288 229 
drainage basins 
Atmosphere 376 378 —2(0) 
Pedosphere and lithosphere 245 472 —227 

Total: 1138 1138 
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ROLE OF MICROORGANISMS IN THE MIGRATION OF SOME 
ELEMENTS 

N.N. LYALIKOVA 
Institute of Microbiology, USSR Academy of Sciences, Moscow 

The universal occurrence of microorganisms in nature has long been 
proved by Pasteur's work. They are abundant in the lithosphere down 
to 2000 m depths, are present in the deepest ocean troughs, and may 
be found at the heights of dozens of kilometers and at temperatures 
ranging from below 0 °C to +300 °C. Their number often exceeds 
10 million to 1 g of soil, silt or rock, or 1 ml of water. Microorganisms 
are endowed with the greatest energy of multiplication amidst living 
beings. Possessing a high biological activity, they are able to process 
quantities of matter hundreds of times as large as their own weight. 
Hence, we can easily visualize the "whirlwind of elements' migra-
tion" (Vernadsky) which they can produce. 

The science of geochemical activity of microorganisms in nature 
has emerged from the work of S.N. Winogradsky, M.W. Beijerinck, 
V.I. Vernadsky, B.L. Isachenko, C.E. ZoBell, N.G. Kholodny, S.I. Kuz-
netsov and many other scientists and their disciples. 

An especially rapid development of this science began in the second 
half of the 20th century after not only the crucial role of microorga-
nisms in the cycle of chemical elements in water bodies, rocks and 
other ecological niches had been shown experimentally but also the 
scientific foundation of biogeotechnology had been laid. The prin-
cipal results of these studies are summarized in a number of mono-
graphs [1-8]. 

In this work we shall discuss some microbiological processes in the 
migration of sulphur and ore-forming elements, which play an impor-
tant role in the hypergenesis of ore deposits. 

Realizing the transformations of chemical elements, microorganisms 
make use of different mechanisms. Quite a number of elements, the 
majority of which occur in ore deposits in the reduced state, can serve 
as a source of energy for autotrophic microorganisms. 

This is, above all, sulphur which can serve as an energy source for 
thionic bacteria. Of all the species of thionic bacteria T. ferrooxidans 
alone is capable of oxidizing all sulphide minerals. 

Other thionic bacteria developing in neutral media, e.g. T. denitri-
ficans and T. thioparus, as well as the latter's ecological variety T. 
thioparus subsp. antimoniticum, are capable of oxidizing only a few 
suiphide minerals and intermediate sulphur compounds formed during 
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chemical oxidation processes. The easily oxidizable suiphides that can 
be attacked by thionic bacteria developing in a neutral medium 
comprise antimonite, galena, and bismuthine. 

Suiphide minerals are oxidized also by Leptospirillum ferrooxidans 
in symbiotic culture with Thiobacillus thiooxidans or Thiobacillus 
acidophilus 9, 10] while sulphide minerals, sulphur and Fe 2  are 
oxidized also by facultative thermophiic bacteria, such as Thio bacillus 
TH 1, 2, 3 [11],  Sulfobacillus thermosulfidooxidans [12] and Sul-
folobus brierleyi [ 13]. They occur in ores and leach dumps. 

As a result of the oxidizing activity of bacteria, bivalent sulphur of 
suiphides is converted to hexavalent sulphur of sulphates which partly 
migrate with water streams, finally finding their way into the ocean, 
and partly react with elements in the surrounding rocks, forming 
secondary sulphate minerals. 

The process of microbiological reduction of suiphates is also suffi-
ciently widespread in the deposits of sulphide ores. This particularly 
applies to deposits of a sedimentary or volcanogenic-sedimentary gene-
sis, the host rocks of which often contain increased amounts of 
organic substances, up to 2-3 %. Instances illustrating the participa-
tion of sulphate-reducing bacteria in the cycle of individual elements 
will be dealt with further in the text. 

Apart from sulphur, other energy sources for bacteria may be 
bivalent iron, antimony, univalent copper, molybdenum, uranium 
[14-19]. 

Quite widespread in the desposits are microbiological processes 
which result in microbial metabolites exerting influence on various 
elements. A great effect on the transfef of elements can be produced 
by organic acids forming complexes with various metals. Gold is 
known to form complexes with amino acids. Silicate minerals may 
disintegrate under the effect of mineral acids released by nitrifiers, 
as well as under the effect of organic substances forming complexes 
with silicon. 

Furthermore, microorganisms may exert influence on the elements 
through their sorption and accumulation in the biomass. In other 
words, microorganisms act as concentrators of chemical elements as 
pointed out by Vernadsky [20]. Recently, extensive research in this 
field has been carried out by Koval'sky, Letunova et al. [21, 2 2 1. 
Nearly all elements are present in the biomass in negligible quantities, 
but biogenic elements may attain significant concentrations. Certain 
microorganisms, e.g. methane-producing ones are known to produce 
an increased quantity of vitamine B12  and, consequently, they need 
an increased quantity of cobalt. According to Schönheit and Moll 
[23], apart from cobalt, these bacteria are in need of nickel and 
molybdenum. 
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Of 104 chemical elements, about 60 are subject to the effect of 
living organisms [8]. 

In discussing the role of microorganisms in the cycle of ore-forming 
elements, special attention should be given to ecological conditions 
existing in the various ore deposits. Of great importance for micro-
biological processes is the mineralogical composition of ores and rocks, 
which determines not only the presence of the energy material for 
microorganisms, but also one of the highly important ecological 
factors crucial to the composition of the microflora, namely pH. 
Since pyrite, being a disuiphide, yields the maximum amount of acid, 
its presence creates favourable conditions for the growth of acidophiic 
thionic bacteria. In pyrite deposits the quantity of pyrite occasional-
ly accounts for 90 % of total ore mass and therefore pyrite and 
copper-pyrite deposits usually containing 30-40 % of pyrite happen 
to be the most favourable ecological niche for the development of 
T. ferrooxidans. 

Highly important ecologically is the composition of host rocks. 
According to Nishihara [24], carbonates, orthosilicates and pyrrhoti-
te are particularly active in decreasing acidity. Most of suiphides, 
pyroxenes, amphiboles and feldspars are characterized by average 
activity. The inert group includes quartz, muscovite, fluorite, barite 
and, as regards sulphides, chalcopyrite. 

All thionic bacteria, except for T. den itrificans, being aerobic orga-
nisms in need of oxygen, highly important ecologically becomes the 
jointing of the orebody. Oxygen finds its way inside the orehody not 
only in the form of gas, but also with ground waters. As waters 
penetrate deeper, they lose the greater part of oxygen which is spent 
on chemical and biochemical oxidarion processes. Observations at 
the Kal'makyrsk open-cast mine showed that the oxygen content of 
water declined from 9.5 mg/I at the surface to some parts of mg/l 
at the lower horizons. 

Thionic bacteria have been discovered in nature for a wide range 
of Eh, from —150 to +800 mV [25]. Development of T. thiooxidans 
does not proceed below rH 2  16; T. thioparus makes better progress 
under lower values of redox potential (rH 2  = 10-16), but in the 
presence of oxygen [3]. 

For a number of deposits, the host rocks of which contain organic 
matter, a characteristic feature is the presence of two zones: an oxida-
tion and a reduction one which differ with respect to the reddx poten-
tial value, pH, the presence of oxygen and microfiora. 

For the development of thionic bacteria, apart from the energy 
material contained in the ores, certain mineral substances are neces-
sary. These are nitrogen and phosphorus compounds, suiphates, 
magnesium, iron, and traces of certain metals. As shown by Tuovinen 
et al. [26],  who have studied the effect of sulphate on iron oxidation, 
the rate of this process increases until the sulphate ion concentration 
attains 2 g/l. If sulphates, iron, magnesium and trace metals are, 
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as a rule, present in sufficient quantities in mine waters, a deficiency of 
nitrogen and phosphate may slow down bacterial oxidation processes 
taking place in nature. Man's activities promote these processes not 
only because more oxygen is brought into deep-lying strata and the 
crushing of the orebody and its water content increase, but also 
because ore mining brings in large quantities of nitrogen compounds 
resulting from the use of nitrogen-containing explosives. 

According to Stevenson [27] and Wlotzka [28],  nitrogen is present 
in the rocks, its content varying from 20 g/t for magmatic rocks to 
500-800 g/t for sedimentary rocks. Nitrogen is largely in the ammo-
nium form and, possibly, can be used by microorganisms, particularly 
the acid-forming ones, the metabolites of which contribute to des-
truction of the rocks. 

We shall give some instances of the transformations of ore-forming 
elements. 

Zinc suiphide, sphalerite, is fairly easily oxidized under the effect 
of T. ferrooxidans and some other bacteria. The resulting sulphate is 
notable for maximum solubiity among other sulphates, 531 g/l at 
18 °C. Therefore, zinc is disseminated in the oxidized zone. None-
theless, there exists in nature a mineral goslarite ZnSO 4  . 7112  0 formed 
as a result of sphalerite oxidation. It is to be mainly encountered on 
the walls of mine workings, e.g. in the galleries of Rammelsberg 
(Harz, FRG), as well as in the oxidized zone in the Upper Silesia's 
deposits [ 29 ]. 

The biological cycle of zinc was observed by us at the Kizil-Dere 
deposit in Dagestan. Primary ores in this deposit are represented by 
pyrrhotite, pyrite and chalcopyrite, sphalerite being of secondary im-
portance. The ores are oxidized both chemically and under the effect 
of T. ferrooxidans which we found to be present in the deposits. Ana-
lysis of water samples from a borehole in a fracture zone with impreg-
nated sulphide mineralization showed this water to contain 54 ig/l 
zinc, 230 mg/i suiphates, no iron having been detected in the water. 
Jurassic shales which happen to be the host rock contain organic 
matter. The water of the borehole concerned was found to contain 
sulphate-reducing bacteria and 1.8 mg/l hydrogen sulphide. 

Below the borehole there had formed a black precipitate of sulphi-
des in which we found 100 cells/g of sulphate-reducing and 
100,000 cells/g of thionic bacteria. The spectral analysis of the preci-
pitate showed the presence of 3 % zinc.Thus, at this deposit we could 
observe bacterial oxidation processes owing to which zinc was solubi-
lized, and reduction processes as a result of which, as revealed by our 
experiments, as much as 0.005 mg/i hydrogen sulphide was formed 
daily. Despite a low intensity of the sulphate reduction process, it 
led to the formation of secondary zinc suiphide, i.e. the cycle was 
complete. 

Copper being an important metal, transformations of copper 
minerals are dealt with in numerous works. 
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Chalcopyrite is one of the main copper suiphides. Torma [30] 
carried out X-ray studies of the solid residue following the bacterial 
leaching of copper from chalcopyrite. Apart from jarosite, basic 
ferric sulphate, he discovered a basic copper sulphate, antlerite 
CuSO4  . 2Cu(OH) 2 . This is a mineral occurring in the oxidized zone 
of copper deposits along with chalcanthite, brochantite and other 
sulphates. We observed the formation of these minerals at the Koun-
rad copper deposit in Kazakhstan. 

During the bacterial oxidation of copper suiphides, apart from the 
aforementioned ones, quite a number of other copper minerals may 
be formed. Once the solution containing copper sulphate reacts with 
calcite the result is the formation of malachite CuCO 3  . Cu(OH) 2  or 
azurite 2CuCO 3  Cu(OH) 2 . Under the effect of acid waters these 
minerals can be reconverted to copper sulphate which reacts with 
waters rich in siicic acid forming chrysocolla CuSiO 3  2H2  0. 

On the evidence of Nielsen and Beck [31],  the oxidation of chalco-
cite by the T. ferrooxidans culture results in the formation of digenite 
Cu9  S 5  and covellite CuS. According to Silver and Torma [32],  this 
process produces also antlerite and metallic copper, the latter being 
widespread in the oxidized zones of copper deposits. 

In the above examples copper minerals were transformed as a 
result of bacterial effect on suiphide sulphur. But some reports availab-
le in the literature indicate that T. ferrooxidans is capable of obtaining 
energy from oxidation of univalent copper [16]. 

In experiments by Imal etal. [161,  intact cells of T. ferrooxidans 
oxidized pulverized chalcocite Cu2  S. Apart from the indirect mecha-
nism involving oxidation of chalcocite by ferric sulphate, the direct 
mechanism of enzymatic oxidation of univalent to bivalent copper is 
possibly utilized, trivalent iron being in this case a co-factor. Nielsen 
and Beck [31] have found out that the oxidation energy of univalent 
copper contributes to carbon dioxide fixation. The sulphur deficiency 
in chalcocite accounts for copper going partly over into cuprite Cu 2  0. 

Vanadium is also an element with a varying valence. As pointed out 
in the US patent No. 3268288 for 1966, T. ferrooxidans is capable 
of oxidizing vanadium to the pentavalent state. In our experiment 
with the T. ferrooxidans culture grown on different energy substra-
tes - on iron and on antimony suiphide without iron it was shown 
that vanadium oxidation occurred only with the aid of the indirect 
mechanism under the effect of femc sulphate. In nature there exist 
minerals in which vanadium is contained in different valent forms. In 
Peru there occurs minasragrite containing tetravalent vanadium; in 
montroseite occurring in a deposit of uranium-bearing sandstones 
at the Colorado Plateau vanadium is likewise tetravalent. This mineral 
in the oxidized zone is converted to corvusite or melanovanadium in 
which vanadium is mostly pentavalent. Apparently, T. ferrooxidans 
contributes to vanadium transformations in nature. Ferric sulphate 
participating in oxidation is formed in the development of bacteria 
on pyrite present in uranium-bearing sandstones. 
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Under these conditions thionic bacteria contribute, moreover, to 
uranium migration, since ferric sulphate and sulphuric acid con. 
vert uranium to a soluble state, forming uranyi sulphate. 

Since uranium oxidation proceeds more rapidly in the presence of 
iron-oxidizing thiobaciJJi than in the presence of ferric iron alone, 
it has been suggested [33] that T. ferrooxidans oxidizes tetravalent 
uranium as follows: 

2UO2  + 02 + 211 2  SO4  = 2UO2  SO4  + 2H 2  0. 

Conversion of tetravalent to hexavalent uranium releases 
20.6 kcal/mol. Recent investigations have rendered support to this 
assumption [18, 19 1. 

The presence of variable valence elements presupposes the possibi-
lity of their use by microorganisms for energy purposes. 

We examined conditions which, when present, could be considered 
favourable for the given element to maintain an autotrophic growth. 

The energy released in the oxidation of lg-atom of the element 
concerned must be sufficient for setting up a macroergic bond. 

The element must be sufficiently abundant in nature and be 
able to form regular accumulations. 

There must exist in nature minerals containing the element con-
cerned in the reduced and in the oxidized form. 

Above we have already discussed the effect of microorganisms on 
copper and vanadium. Among the variable-valence elements there 
are also antimony, molybdenum and chromium; in antimony deposits, 
apart from trivalent antimony minerals, either suiphide or oxide, there 
are present minerals containing pentavalent antimony. 

We have assumed that antimony ore consisting principally of the 
mineral antimonite, Sb 2  S 3  is oxidized by bacteria in two phases. 
Initially, thionic bacteria oxidize sulphur of antimonite, forming 
antimony trioxide. Further oxidation of the trioxide is realized by the 
previously unknown microorganisms for which this process is an 
energetic one. This assumption found experimental support. In labo-
ratory experiments we obtained from antinionite a mineral based on 
antimony pentoxide using T. ferrooxidans and Stibtobacter senarmon-
tii, a new bacterium deriving energy from antimony oxidation. The 
reverse process of antimony trioxide reduction to suiphide can be 
realized by sulphate-reducing bacteria. This process has a practical 
significance, since antimony trioxide treated with the culture liquid 
of sulphate-reducing bacteria is covered with sulpbide film and may be 
extracted by suiphide flotation, increasing the yield of antimony. By 
means of bacterial treatment it is possible additionally to extract as 
much as 7-11 % of antimony from the tailings of sulphide flotation. 

Thus, useful in ore concentration may be not only bacterial oxkla-
tion processes but also reduction processes. 

Another element which, in our opinion, can provide energy for 
autotrophic growth is molybdenum. Oxidation of tetravalent to 
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hexavalent molybdenum yields about 40 kiocalories. Molybdenum 
forms ore deposits and is sufficiently abundant in nature. Although 
tetravalent molybdenum predominates in the deposits, in the hyper -
genesis zone there is present the mineral ilsemannite in which molyb-
denum is pentavalent. In powellite and ferrimolybdite molybdenum 
is hexavalent. These minerals can be regarded as calcium and ferric 
molybdates. We succeeded in obtaining an enriched culture of micro-
organisms developing on a mineral' substrate where the only energy 
source was molybdenum dioxide, MoO 2 . The originally obtained 
enriched culture was capable of developing on molybdenite, up to 
78 mg/i molybdenum being solubiized in this case, i.e. 20 times as 
much as in the control. Presumably, molybdenite was oxidized under 
a joint effect of several microorganisms, since with the progress of 
time the enriched culture lost its capacity to oxidize molybdenite, 
while preserving its ability to oxidize molybdenum dioxide. During 
MoO2  oxidation up to 200 mg/l molybdenum would be solubiized in 
two-weeks time, i.e. 9 times as much as in the control. 

For T. ferrooxidans, molybdenum is the most toxic of metals, 
its toxic effect becoming manifest already at concentrations of about 
10 mg/i. Cultures tolerant to 200 mg/l Mo have been obtained by 
means of adaptation [34]. Hence, the role of T. ferrooxidans in 
the oxidation of molybdenum deposits is evident but it is not clear 
yet whether it can be used for leaching this element. 

In 1972 Brierley [35, 361 isolated a micoplasma-like thermophiic 
organism capable of oxidizing sulphur and iron. This organism was 
capable of high-rate oxidation of molybdenite and easily survived 
dissolved molybdenum in concentrations surpassing 1.5 g/l. The 
isolated organism can contribute to molybdenum transformations in 
dumps when the ore heats up. Furthermore, it can be active in tropical 
regions where temperatures about 40 °C are common. In regions with 
a moderate climate the greatest role in molybdenum transformations 
is played by a little-known association of microorganisms, one of 
which can possibly use the energy from the conversion of tetravalent 
to hexavalent molybdenum. 

In the destruction of sulphide minerals under the effect of bacteria 
not only ore-forming elements and sulphur are solubiized but also 
rare elements which, because of the similarity of their properties to 
those of zinc, copper or lead, enter in the crystal lattices of minerals 
isomorphously replacing these metals. The behaviour of rare and 
trace elements in sulphide destruction is largely dependent on the 
chemical properties of the given element, on the solubiity of its 
compounds under different Eh-pH values, on the presence in the 
environment of substances contributing to precipitation of the given 
element. Together with Kulikova we made a number of experiments in 
bacterial oxidation of different sulphides containing such elements as 
cadmium, thallium, gallium, indium, germanium, selenium, tellurium, 
and rhenium. We used in the experiments different sphalerites, geo- 
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cronite, galena, copper-molybdenum ore. Selenium in its chemical 
properties being closer to sulphur, the role of microorganisms in its 
leaching was studied using hypergenous minerals of one of the deposits, 
namely quartz-sulphur and pyrite fines. Tellurium was likewise present 
in these minerals. The results of the experiments are shown in Table 
The obtained results depend both on the element content of the 
substrate and on the degre&of oxidation of the substrate. The maxi-
mum concentration of a rare element in our experiments was achieved 
in the oxidation of sulphur containing selenium and was 18 mg/l Se. 
Rhenium being one of the least abundant elements in the earth's 
crust and its clarke being equal to 1 iO %, the concentrations of 
the element in our experiments were also insignificant, not more 
than 8 Mg/i. 

The role of bacteria in the geochemistry of rare elements is that 
they reduce the latters' content of primary minerals. In most cases 
rare elements are not part of secondary minerals. In our experiments 

Table 

Leaching of rare elements from suiphides under the effect of T. ferrooxidans 

Suiphide Rare element Experiment Amount in solution, 
content version pg/i 

Galena Germanium Experiment 30 
Control 0 

Sphaierite Germanium 0.014 % Experiment 80 
Control 19.5 

Geocronite Thallium Experiment 84.7 
0.03-0.06 % Control 250 

Sphalerite Indium Experiment 50 
Control 0 

Sphalerite Cadmium Experiment 7600 
Control 900 

Sphalerite Gallium Experiment 50 
Control 25 

Molybdenite + Rhenium Experiment 8.6 
Chalcopyrite 1.9 mg/t Control 1 

Pyrite Selenium 0.044 % Experiment 8000 
Control 3000 

Pyrite Tellurium 0.013 % Experiment 2800 
Control 1300 
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an exception from this rule happened to be the inclusion of germa-
nium into the crystal lattice of anglesite, PbSO4 , formed in galena 
oxidation. 

The role of thionic and other bacteria capable of oxidizing sulphide 
minerals, sulphur and Fe2  as a factor in the dispersion of rare ele-
ments has been confirmed by geochemical investigations showing that 
secondary minerals in deposits are 50-100 times as poor in them as 
are primary minerals [37, 38]. 

The problem of arsenic cycle is of special significance on account 
of toxic effect produced by this element on all living organisms. The 
role of T. ferrooxidans in the oxidation of arsenopyrite and the mecha-
nism of this process have been described by Pol'kin et al. [8]. Oxida-
tion of As 3  to As5  by bacteria, however, presents special interest. 
In 1918 Green [39] isolated such an organism from an arsenic-con-
taining liquid used for cattle desinfection. The organism called Bacil-
lus arsenoxidans was capable of growing in a medium containing 1 % 
arsenic in the form of arsenite and could carry out its oxidation. Later 
Turner [40] isolated 15 strains of heterotrophic bacteria resistant to 
1 % solution of arsenite which they oxidized to arsenate. The oxida-
tion rate attained 90 jAg of arsenite per hour to 1 mg of dry weight. 

Arsenite oxidation was discovered in the soil [41, 421 and, under 
anaerobic conditions, in activated sludge [43]. 

The process of arsenite oxidation is very important for environ-
ment protection, since the more toxic trivalent arsenic is transformed 
into pentavalent arsenic. 

An interesting work was carried out by Ilyaletdinov and Abdrashito-
va [44] who isolated an organism called Pseudomonas arsenitoxidans 
capable of oxidizing trivalent to pentavalent arsenic under autotro-
phic conditions. The organism developed on a mineral substrate con-
taining 1.3 g/l trivalent arsenic. The oxidation was accompanied by 
the decrease in pH to 4.5-5.5. The radiocarbon method showed the 
inclusion of 41 % carbonate carbon. 

This organism is capable of exerting effect on arsenopyrite. Thus, 
arsenic-containing sulphides - realgar, auripigment, arsenopyrite can 
be oxidized not only in acid media in the presence of T. ferrooxidans 
but also in neutral media in the presence of Pseudomonas arsenitoxi-
dans. 

Bacteria isolated by Mynbaeva and Ilyaletdinov [45] oxidized ar-
senite under the effect of peroxide and catalase. In this case the mecha-
nism of arsenic oxidation was similar to peroxide mechanism the 
existence of which was proved by Dubinina [46] for bacterial processes 
in manganese and iron oxidation. 

Common heterotrophic organisms, such as Pseudomonas and 
Alcaligenes, attack arsenite and arsenate, transforming them into 
gaseous arsenic products - arsine, methyl and dimethyl arsine. It is 
probable that what takes place in thiscase is the reduction rather than 
methylation of arsenate. 
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Microbiological reduction processes, except for sulphate reduction, 
have been relatively little studied in ore deposits. But the majority 
of processes taking place in the soil may occur under deposit con-
ditions as well. 

Koval'sky et al. [47, 481 have discovered the capacity of various 
species of soil microorganisms, bacteria, fungi and actinomyces to 
reduce selenites to elementary selenium. Selenium reduction is not 
constrained to a specific group of microorganisms. In ore deposits, 
however, there may occur specific groups of microorganisms which 
use oxidized compounds as donors of oxygen. This kind of process 
is the reduction of chromates by Pseudomonas dechromaticans, as 
described by Romanenko and Koren'kov [49, 501, and by Pseudomo-
nas chromatophila isolated by Lebedeva and Lyalikova [51] from an 
open-cast pit at the Kempirsaisk chromite deposit. These bacteria, 
when grown under anaerobic conditions on a substrate containing 
simple organic substances (certain organic acids, sugars and alcohols), 
will reduce hexavalent chromium compounds to the trivalent state. 
We staged an experiment in which a natural mineral crocoite, PbCr04 , 

was used as a donor of oxygen for chromium-reducing bacteria. As 
revealed by the X-ray analysis, crocoite was partly transformed by 
bacteria into a mineral of the Cr2  03  composition, i.e. the hyper-
genous mineral crocoite was transformed into chromite. 

One of the ways in which heterotrophic bacteria act upon heavy 
metals is their methylation. This process is of great importance in view 
of the fact that methylation often increases the toxicity of an element 
dozens of times. In studying the cycle of heavy metals in water 
reservoirs in industrial areas it was found out [52] that about 80 % 
mercury was accumulated by fish organisms in the form of methyl 
mercury. Doran and Alexander [53] described the methylation of sele-
nium and its compounds by soil bacteria. Earlier this process had been 
known for microscopic fungi. 

Selenium provides an example of the participation of both auto-
trophic and heterotrophic species of microorganisms in the cycle of 
an element. 

From what has been said above we may draw a conclusion that 
biological cycle of an element is likely to proceed on the largest scale 
when the compounds of this element can serve either as an energy 
source for microorganisms or as a source of oxygen. 

The transfer and transformation of mineral forms involve the parti-
cipation of metabolic products, such as organic and mineral acids, 
amino acids, etc. The role of organic metabolites is particularly great 
in sedimentary deposits with an increased organic carbon content. 
Thus, according to Germanov and Panteleev [54] in the waters of the 
Dzhezkazgan deposit 5 to 100 % of copper is in the form of organic 
complexes. 

Microorganisms contribute to the transformation of elements 
through hydrogenation, methylation and other enzymatic transfor - 
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mations. A great effect on the mobility of elements can be produced 
by such products of the microbiological origin as iron hydroxide, 
jarosites, methane, hydrogen suiphide. The presence of "reduction 
barriers' Formed as a result of the activity of methane-producing and 
sulphate-reducing bacteria significantly alters the behaviour of certain 
elements. 

The study of the role of microorganisms in the cycle of heavy 
metals is highly important both for understanding their geochemistry 
and for solving practical problems related to their leaching and environ-
ment protection. 
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INTRODUCTION 

Gold is one of the most stable elements. Its characteristic feature is 
a propensity to occur in the native state. Its constant associates are 
silver and copper, besides, it contains trace amounts of some 40 other 
elements. In compounds it has the valency of +1 or +3.  Univalent 
ions more readily form water-soluble complexes with oxygen- and 
sulfur-containing ligands under alkaline conditions. Well-known are 
chelate compounds and also salts of gold with ammonia and amines. 
Despite its amazing chemical stability gold is rather mobile in the 
surface layers of the lithosphere. However, the regularities and me-
chanism of this element's migration have been studied poorly so far. 

The purpose of this work is to examine the physicochemical, micro-
biological and biochemical aspects of thehypergene migration of gold. 

DISTRIBUTION OF GOLD IN THE BIOSPHERE 

Gold is scattered in the biosphere in all types of rocks (Table 1). 
Higher concentrations of gold occur in the sedimentary rocks enriched 
with organic matter. In auriferous areas the soil layer is also chara-
cterized by increased concentrations of gold. In rivers draining gold-
mining fields, the water's gold content in some cases is up to 1 g/t. 
The gold content of sea water is by two-three orders lower than that 
of the lithosphere. It is believed that gold is present in sea water in 
the form of AuCl, AuCl, and Au0 2  complexes and in the form 
of gold-organic compounds [1, 23, 241. In the coastal waters of sea 
basins there are colloidal and coarser gold suspensions. Gold has 
been found in living organisms (Table 2). In the following series the 
animal organisms are situated in the increasing order of their caacity 
to concentrate gold: sea urchins - starfish - crabs - bryozoanes. For 
their capacity to concentrate gold, microorganisms range as follows: 
actinomycetes.> fungi > bacteria. Gold accumulates in the higher 
plants, in different kinds of mushrooms, in lichens and mosses [27]. 

The above cited data concerning the distribution of gold in the 
biosphere point to this element's involvement in migration processes 
under the impact of physicochemical and biological factors. We shall 
restrict this paper to the examination of the role of microorganisms 
in the migration and deposition of gold. 
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Table 1 
Gold content of different geological formations 

Type of geological formation Gold content, Gold 
clark 

Reference 
number 

Volcanic rock (acid, basic, 0.16-16.0 4.3 1-6 
intermediate, ultrabasic) 
Sedimentary terrigene rock 1.0-5.5 1.0 1-6 
(conglomerates, sandstones, 
argillites, etc.) 
Biogenic rocks: 

coal uptoll000 7,9,10,11,14 
laterite up to 10000 8 
sapropel 15-2500 12 
phosphorites up to 30 13 
peat 5-50 15 
corals up to 8 2 
kerogen 800-2200 16 
coaly shales up to 200 2,18 
soils 50-10000 13, 17, 19 

Unda river 1000 20 
Aldan river tributaries 11 21 
Waters of rivers feeding 4.0-9.8 22 
the Baltic Sea 
Oceanic waters 0.8-50 1, 20-22 

Table 2 
Gold content of living organisms 

Organisms 	 Gold content, mg/t Reference number 

Seas and oceans 
Algae 	 150 (average) 	 26 
Water suspension containing 	0.4-15.3 x 10 7  mg/i 	22 
organic substances 
Marine animals (sea urchins, 	100-750 	 25,26 
starfish, crabs, bryozoanes) 

Ore deposits 
Microorganisms 	 32-85 	 I 	Our data 

126 



ROLE OF MICROORGANISMS IN THE DISSOLUTION OF GOLD 

As is known, the oxidation of sulfide minerals in gold-sulfide 
deposits takes place with the participation of microorganisms. During 
this process gold is solubilized, as testified by its increased content of 
the waters draining the ores. Experimental studies also demonstrate 
that during the bacterial oxidation of pyrite and galenite much more 
gold is solubilized than in bacteria-free controls (Table 3). Thermo-
dynamic calculations by Kakovsky [28] point to the formation of 
sufficiently strong thiosulfate complexes under these conditions. 
The reaction potential of gold dissolution Au + 2S 2  0 - e - 
[Au(S 2  03)2 ]3_ for standard conditions is E 0  = 0.142 V. 

Table 3 
Gold content of solutions upon oxidation of sulfides by 

Thiobacillus ferrooxidans [29] 

Suifides Presence of Quantity of gold 
bacteria in solution, pg/i 

Gravitation concentrate + 270-520 
- 0-60 

Pyrite + 60-70 
- 0 

- 	Galenite + 320-540 
- 230 

Our microbiological investigations demonstrated also the presence 
of great quantities of heterotrophic bacteria in the ores and waters of 
gold ore deposits (Table 4). Here the number of bacterial cells depends 
on the type and degree of disintegration of ores and rocks. The life 
activity of heterotrophs in the ores depends on the concentration of 
organic matter. The ore samples and waters examined contained 0.01 
to 0.1 % of total and amine nitrogen, as well as free amino acids - 
alanine, valine, serine, glutamic and aspartic acids, and the pH value 
of the samples was in the range of 5.0 to 8.4. It may be presumed 
that the examined ores provide favourable conditi9ns for the develop-
ment of microorganisms, while the aforementioned acids are pro-
ducts of their life activity. The microorganisms active in the dissolu-
tion of gold were revealed by means of studying the microbial land-
scapes of the ore material. For this purpose ore particles 0.25 mm in 
size or powdered gold were applied to the surface of a poor solid 
medium. After a certain time gold changed into the ionic state. The 
landscapes were dominated by representatives of the genera Bacillus 
and Pseudomonas. 
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Table 4 
Occurrence of heterotrophic microorganisms in gold ore deposits [30] 

Number of cells, thousands per 1 g of ore 
Description 

bacteria 	bacilli 	fungi 	actinomyce- 
tes 

Disintegrated kaolinized rock 4240 1300 360 140 
Attrition clay 12140 2720 1320 470 
Semidisintegrated conglomerate 6720 1550 1280 1380 
Semidecayed coaly shales 16780 4510 2940 6900 

The first scholar to experimentally study the role of heterotrophs 
in the dissolution of gold was Pares [31-34]. 

Our data pertaining to the dissolution of gold by heterotrophic 
bacteria are presented in Table 5. 

Table 5 
Dissolution of finely-dispersed gold by microorganisms [35, 361 

Bacteria Strain 

Gold content of solution 
(pH = 8.0-8.5), mg/l 

80 110 140 
days days days 

Micrococcusflavus 16 0.12 0.21 0.21 
B. megaterium 20 1.21 2.15 2.15 
B. mesentericus 20 0.17 0.31 1.35 
B. solitarium 22 0.06 0.08 0.24 
B. nitrificans 29 0.20 0.22 0.47 
B. megaterium 30 0.37 1.54 1.54 
P. liquefaciens 9 1.62 - - 
Control 0 0 - 

One can see from Table 5 that the activity of different species of 
heterotrophic bacteria in gold dissolution is not the same. Most active 
in the dissolution of gold were B. megaterium, B. mesentericus and 
P. liquefaciens. Gold dissolution activity increased with the increase 
in the pH. 

Microscopic fungi and actinomycetes are less active in dissolving 
gold and its concentration in the solution in their presence did not 
exceed 0.02 mg/l. 
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This makes it clear that natural strains of autotrophs and hetero-
trophs are capable of dissolving native gold. If bacterial activity is 
viewed in geological time, they may be considered one of the substan-
tial factors in the migration of gold in the biosphere. Yet the mecha-
nism whereby gold was dissolved by microorganisms remained unclear 
for a long time. 

DISSOLUTION OF GOLD BY BACTERIAL METABOLITES 

The bacteria we studied secrete into the nutrient medium amino 
acids, nucleic acids, pyruvic, lactic, formic and acetic acids and also 
peroxidase, catalase and proteolytic enzymes. Our studies demonstra-
ted that gold is most intensively dissolved by amino acids in the 
presence of oxidizers. 

Amino acids accumulated by natural strains of bacteria in the 
culture fluid are presented in Table 6. It is noteworthy that bacteria 
secrete into the medium relatively large quantities of aspartic and 
glutamic acids. 

In the presence of sodium peroxide, placer gold is soluble by 
amino acids, particularly intensively in alkaline conditions. Thus, in 
30 days gold dissolved in solutions of asparagine, aspartic acid and 
threonine in quantities of 0.03, 0.04 and 0.11 mg/i respectively. At 
low pH values 0.01-0.1 mg/i of gold were solubiized during the same 
time. 

Table 6 
Amino acids in the bacterial culture fluid [37] 

Bacteria 
Amino acids 

B. mesentericus B. inegaterium P. liquefaciens 
120 	1 	20 	1 	9 

% of total amino acids 
Lysine 3.4 4.7 18.3 
Histidine 6.2 - 8.4 
Aspartic acid 8.6 15.9 12.4 
Serine 9.5 3.5 4.7 
Glutamic acid 21.3 17.8 56 
Glycine 12.9 17.8 - 
Cysteine - 3.6 4.3 
Valine 5.7 7.8 10.1 

Total amino acids, g/l 	1 	2.0 	1 	2.8 	1 	1.2 

129 



Without the peroxide, placer gold in particles 0.07 mm in size is 
not dissolved by amino acids. 

As compared to placer gold, finely-dispersed gold dissolves in amino 
acids 10 to 30 times faster. During the same period 0.24 to 3.2 mg/i 
of gold were solubilized in the absence of Na 2  02, while in the presen-
ce of Na2  02 0.67 to 18.17 mg/i of gold were solubiized. Gold dissol-
ves most intensively under the effect of histidine (16.17 mg/i), serine 
(12.10 mg/l), aspartic acid (18.17 mg/l), glycine (6.7 mg/i), alanine 
(5.9 mg/i), methionine (5.1 mg/l) and asparagine (3.86 mg/i). Gold 
dissolves also in the presence of nucleic acids, particularly in the pre-
sence of peroxide. The concentration of gold in the solution reached 
1.6 mg/i (DNA) and 5.0 mg/l (RNA). Less effective in the dissolution 
of gold are salt- and alkali-soluble, and also water- and alcohol-soluble 
proteins. In 20 days in their presence at a pHof 9-10 solubiization 
was up to 2.17-3.3 mg/i and 0.15-0.57 mg/l of gold respectively. 

Dissolution of gold by individual fractions of bacterial metabolites 
was also studied. With the aid of vertical paper electrophoresis, ionic 
so(ption and chemical precipitation, the components of the bacterial 
solvent of gold were separated. The test data are given in Table 7 and 
one can see that the proteins and peptides isolated chemically are 
less effective in the dissolution of gold, its concentration in the 
solution not exceeding 1.3 mg/i. 

Table 7 

Solubility of gold by individual fractions of bacterial metabolites 

Bacterial culture 	Strain 	Gold dissolved in protein mixtures 
(pg/i), separated 

chemically 	by ion exchange 
resins 

protein 	amino 	protein 	amino 

	

acid 	I 	I 	acid 

B. mesentericus niger 12 0.70 4.2 7.6 10.2 
-"- 121 0.52 4.7 2.7 18.0 

1 23 0.67 4.9 9.2 20.7 
-"- 129 1.30 6.5 8.5 43.0 

B. megaterium 20 0.95 4.0 3.4 9.0 
-"--- 201 0.47 6.5 2.5 35.9 

The fraction of proteins and peptides obtained by means of ion 
exchange resins contained up to 9 mg/l of gold. The amino acid 
fractions, purified by the method of chemical fractionation, dissolved 
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up to 6.5 mg/i of gold and the gold content of the ammo acid fractions 
purified by means of ion exchange resins reached 43.0 mg/i. 

Thus, one may draw the conclusion that gold dissolution activity 
depends on the chemical and physicochemical state of the protein 
and amino acid fractions. 

CHANGES IN GOLD UNDER THE EFFECT OF BACTERIA AND THEIR 
METABOLITES 

Qualitative changes in gold were observed after 30 days of in-
teraction with bacterial solutions and were noticeable, first of all, by 
the colour of the gold granules [38].  Under the microscope (x 300) the 
particles of finely-dispersed gold after 150 days of interaction with the 
culture fluid had a rough, pitted surface and lost their strong metallic 
shine. Under x 650 magnification one can see well-pronounced corro-
sive relief. The size of 1.0-2 .0 mm gold particles subjected to bacterial 
leaching for 3 years decreased 1.5 to 2.0 times, in the marginal por-
tions they had a denser golden-yellow colour than in the center. 
Scanning in Ag-roentgen rays revealed a decreased silver content of the 
marginal portions of the gold particles. A quantitative assay demon-
strated that the central portion of the gold particles.contained 82.1 % 
of gold and 17.6 % of silver, while the silver content of the marginal 
portions fell to 1 %. 

The proteins isolated from the eulture fluid which had been in-
teracting with gold particles for 360 days, had a brick-red colouring 
in the zone of contact. During a longer contact the solutions turned 
brown, and the precipitates containedcolloids of gold and silver. The 
data of a semiquantitative spectral analysis demonstrated that the 
concentration of gold in the precipitate was 0.03 % and that of silver, 
0.2 %. The culture fluid contained 10 mg/l of colloidal gold. 

These data demonstrate that under the effect of the culture fluid 
gold and silver are solubiized with the formation of organic complexes, 
and that with time these complexes are decomposed with the reduction 
of gold and silver to their metallic state. 

MECHANISM OF BACTERIAL DISSOLUTION OF GOLD 

With the aid of electrophoresic separation of pure and gold-bearing 
protein mixtures, both in alkaline and in acid media, the formation of 
a complex of protein with gold was revealed, the complex being char-
ged either positively or negatively. Quantitatively predominant are 
anionic complexes of gold. Taking part in the compounds of gold 
with proteins are functional groups of amino acid remnants of poly-
peptide groupings in which gold is bound through, the atom of the 
amino group. An examination of the infra-red spectra of the gold- 
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containing amino acid fractions revealed that the complex formation 
of gold with amino acids also was effected through the atom of the 
amino group [39]. 

The interaction of gold with amino acids in the acid medium at 
pH = 2 leads to a slow reduction of gold to the metallic state. Under 
alkaline conditions when the gold (III) solutions contain small 
quantities of amino acids there takes place the formation of its 
sols, while at an excess of amino acids gold (III) is reduced to gold (I). 
No formation of colloids and isolation of metallic gold takes place in 
this case [40-41]. 

In an alkaline medium, glycine, alanine, valine and phenylalanine 
form complexes in which metal coordination of amino acids takes 
place through the amine and carboxyl groups. In histidine the gold-
to-amino acid bonds are coordinated through the nitrogen atoms of 
the amino group and imidazole ring. In cysteine it is the sulfhydryl 
group that is the most reaction-prone. The presence of two amino 
groups in arginine and lysine increases the alkalinity of the amino 
acids and lowers their capacity to form complexes. 

The stability of complexes of gold (I) with amino acids varies, as 
testified by the values of the oxidation-reduction potentials (Table 8). 
Such amino acids as glycine, valine, alanine have very similar pK 2  
values and form complexes of approximately equal strength. Stronger 
still are complexes with histidine and asparagine. 

Table 8 

Standard oxidation.reduction potentials of gold (I) 
complexeswith amino acids 

Amino acids 	I Eh, V 

Glycine 0.632 
Alanine 0.644 
Valine 0.624 
Phenylalanine 0.648 
Methionine 0.537 
Asparagine 0.495 
Histidine 0.457 
Cysteine 0.144 

DEPOSITION OF GOLD 

In nature, along with dissolution, reduction of gold also takes place, 
which under appropriate conditions may be caused by the majority 
of metals placed higher than gold in the electrochemical series, and 
also by some organic compounds, including amino acids. 
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During the interaction of gold (III) with amino acids in an acid 
medium (pH = 2) gold, as a result of oxidation-reduction reactions, 
is reduced to its metallic state [42]. At a pH value of 2 histidine 
completely reduced gold in 30 hours. The reduction reaction proceeds 
slowly in solutions of amino acids with a high pK 2  value. An increase 
in amino acid concentration leads to a higher rate of the reduction 
reaction. In an alkaline medium the interaction of gold (III) with 
amino acids also leads to its reduction, and a gold film is formed in 
solutions of some amino acids. 

Gold is reduced also by proteins and carbohydrates. Small amounts 
of glucose precipitate gold during a long contact (30 days). Among the 
proteins it is the globulins which register the highest degree of gold 
precipitation (Table 9). 

Table 9 
Precipitation of gold from hydrochloric solutions by different proteins [42] 

	

Gold content of solution, 	Degree of pre. 
Protein fractions 	 mg/l 	 cipitation, % 

before test 	I 	after test 

Globulins 	 90 	20.7 	77.0 
Prolamines 	 90 	46.8 	46.8 
Protenoids 	1 	90 	41.0 	54.4 

It has been indicated above (Table 2), that microorganisms are 
capable of accumulating gold in the biomass. Thus, the activity of 
Aspergillus sp. biomass exceeds activated carbon 10 to 12 times in 
gold absorption from colloidal solutions, which is apparently due to 
the electrostatic interaction of colloidal particles with protein mole-
cules [36, 431. Along with colloidal gold microscopic fungi are capable 
of rrbsorbing gold from true solutions with the formation of complex 
compounds. 

Other microorganisms also have the capacity to concentrate gold. 
Thus, the gold content of bacterial cells is 15 to 600 times higher than 
that of mine waters (Table 2). The gold concentration coefficient in 
the algae of the Barents Sea in relation to the gold content of sea 
water is 2 x iO [25]. 

The gold concentration in land plants in relation to its clark in the 
lithosphere reaches 1.2 x iO [44]. Individual tissues of animal orga-
nisms are also capable of accumulating gold. 

In the plant and animal organisms gold forms complex compounds. 
Taking part in the formation of complexes are free amine, carboxyl 
and sulfhydryl groups. 
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EFFECT OF GOLD ON MICROORGANISMS 

It is known that gold and its compounds may be toxic to macro-
and microorganisms [45]. We have studied the influence of gold ions 
on changes in the composition of the basic polymers of the cell of 
B. mesentericus niger 120 (Table 10). It has been established that a 
bacterial contact with gold ions for 24 hours results in a decrease in 
the quantity of protein and RNA in the cell. Changes in DNA content 
are insignificant. It has also been revealed that gold is absorbed by 
bacteria in negligible quantities during the first 24 hours. The survival 
of bacteria at a gold concentration of 3 x 10 to 1.6 x iO g-at/l 
was about 90 %, and at a concentration of the metal of 1 to 
5 x 10 g-at/l, the number of viable cells fell to 80-85 %. However, 
bacterial cells may retain their viability for a long time even in a 
culture fluid containing 7.5 to 28.6 mg/l of gold. The contamination 
of the cells with gold ions is apparently due to the precipitation of the 
gold-protein complexes. 

Thus, microorganisms are capable of dissolving gold, reducing it 
to its elemental state and accumulating it in the biomass and thereby 
intensifying its complete cycle in the biosphere. 

Table 10 

Influence of gold ions on the polymer composition of cells 

Gold concentration, 
g-at/I 

Content, pg/mg 

protein RNA DNA 

0.00 540.5 80.6 2.10 
3 x 10 510.6 77.2 1.92 
6.10  482.2 72.6 1.80 
1 	10 442.5 68.4 1.69 
510 410.8. 62.8 1.68 
1 x 10 392.3 60.5 1.65 

THE HYPERGENE MIGRATION OF GOLD 

It has been demonstrated above (Tables 1 and 2) that gold under-
goes redistribution in nature. However, the conditions of this process 
and its scale have not yet been adequately assessed. 

The hypergene migration of gold can be clearly traced under 
conditions of gold ore deposits. During microbiological and chemical 
oxidation of sulfides in an aerobic zone gold undergoes dissolution 
and is transferred by sulfate waters in the form of thiosulfate, haloid 
and gold-organic complexes to the lower horizons of the deposits. 
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At some deposits hydrogen sulfide waters containing sulfate-reducing 
bacteria occur below the zone of oxidation [46]. The sulfates coming 
in from the oxidation zone are reduced under the effect of sulfate-
reducing bacteria with the formation of H 2  S, HS and S 2 . The me-
tals contained in the acid sulfate solutions precipitate in the form of 
secondary copper and iron sulfides which leads to the formation of a 
zone of secondary sulfide enrichment. In this zone the thiosulfate 
complex of gold is destroyed, the gold being reduced to its metallic 
state and forming a horizon of the ores' secondary enrichment with 
gold. Al'bov [47] believes that taking place in the zone of secondary 
enrichment is an enlargement of gold particles, right up to the for-
mation of large nuggets. 

Meanwhile, established in the hydrogen sulfide solutions is the 
presence of dissolved gold in amounts from 70_to 400 ug/l. Its 
presence may be explained by the action of the HS ion on the redu-
ced metal in the zone of secondary enrichment, with the formation of 
an AuS ion in the following reaction: 2Au + 2HS = 2AuS + H 2 . 

Eh,V 

.6 

L2 

Fig. Correlations of stability between some gold 	0.8 
compounds in water at 25 °C and 1 atr,, of un-
direct pressure. The sum total of dissolved chloride 
components is 100;  the sum total of dissolved 
sulfur is 10. The cross-hatching indicates the 	00 
field of stable gold-organic complexes in natural 

waters 	 - 0.4 

4 6 8 0 12 14 
pH 

—0.8 
0 

Some investigators point to the involvement of haloid complexes in 
the migration of gold [48]. Their role in the migration of gold is 
demonstrated in the Eh-pH diagram (Fig.). The data appearing in the 
diagram describe the activity of gold ions at different sulfur and 
chloride contents of the system, from which it follows that the AuC14  
complex may be formed at a large quantity of chlorine in the acid 
solution at an oxidation-reduction potential over 0.8 V. Practically, 
such conditions in the zone of oxidation of ore deposits are rare. In 
the pH range from 5 to 10 and the Eh value from —0.470 V to 
—0.170 V gold exists in solution in the form of an AuS complex, 
and at an Eh value from +0.470 to +0.760 V - in the form of a 
thiosulfate complex. 

135 



Also depicted in the diagram is the field of stability of gold-organic 
complexes with which the gold is transferred in ground waters. A com-
parison of thermodynamic characteristics indicates that, compared 
to thiosulfate complexes, gold-organic ones are stable in a wider range 
of oxidation-reduction potentials (Fig., Table 11). In this connection 
there takes place an expansion of the gold dispersion halo, connected 
with the leaching of gold-bearing ores by waters enriched with organic 
cothpounds. 

Table 11 

Comparison of thermodynamic characteristics of gold complexes formed in 
microbiological and chemical oxidation processes 

Complex stability 
Type of oxidation Complex 

Upper limit Lower limit 

Eh,V pH Eh,V pH 

Chemical and micro- [Au(S20 3 ) 2 } 3  0.8-0.6 0-9 0.8-0.4 0-10 
biological 
Microbiological gold-organic 0.7 5-9 —0.2-0.5 5-10 
(products of bio- 
synthesis and 
oxidation of 
organic substances) 

In the weathering crust of gold sulfide deposits mobile gold in the 
ionic form makes up to 77 % of the gross gold content of rocks [ 49 ], 
while in the soils of the Kuranakh fields considerable quantities of 
gold enrich the ground and surface waters in the non-mineral getter-
ion form and in the form of gold-organic complexes, and are evacuated 
from the places of primary concentration. Chibisov [50] calculated 
that from 55 to 88 % of gold is evacuated during processes of soil 
formation. The reduction of the ionic form of gold may take place 
in water flows with the formation of colloidal particles whose migra-
tion over long distances is carried out in the presence of protective 
colloids - silica, ferric hydroxide, organic acids and microorganisms. 
Correlations of the different forms of gold and of the distances over 
which its increased concentrations are capable of being preserved, have 
been studied poorly. Calculations based on the gross gold content of 
waters indicate that rivers transport considerable quantities of gold 
(Table 1). Deposition of dissolved and colloidal gold from surface 
water flows may take place on solid biochemical barriers whose role 
may be played also by organic substances. If one takes into account 
that the total amount of organic matter in the sedimentary rocks is 
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3.8 x 1015  tons, this means that it is bound up with at least 3.8 x 10 6  
tons of gold, which have been deposited from true solutions. 

It is even more difficult to assess the hypergene migration of gold 
with account of the history of the Earth's development. 

The calculation of gold mining from deposits of different origin and 
formed at different geological epochs in the development of the 
Earth points to the two major stages in the accumulation of gold 
(Table 12). The first stage goes back in time to the Middle and Lower 
Proterozoic when deposits of gold-bearing conglomerates took shape, 
and also numerous stratiform deposits for which one may assume a 
sedimentary origin. They coincide with marine deposits formed under 
littoral, delta, beach, gulf-lagoon and marine conditions. As a rule, 
they are enriched with coaly matter. Gold is concentrated mainly by 

Table 12 
Distribution of gold reserves in endogenous gold ore 

deposits of different origin and age [511 

Time of deposit formation 	Quantity of gold 
reserves, % of the total 

Archean 	 20 
Lower and Middle Proterozoic 	40 
Upper Proterozoic-Neogaea 	 25 
Neogaea.Quarternary period 1 	15 

chemical and biochemical means, as testified by the predominance of 
exceptionally fine gold associated with sulfides. The formation of 
sulfides points to the intensive development of sulfate reduction 
processes in the medium where the formation of gold deposits took 
place. The gold brought into a body of water in the dissolved state 
was precipitated by sulfides and a coaly substance. 

Characteristic of the second stage is a predominance of continental 
placers, with pre-eminently mechanical accumulation of gold taking 
place in them. This can be explained by the climatic features of the 
period when the placer deposits were formed. All the placer deposits 
dating back to the Neogaea-Quarternary period are situated on the 
continents of the Northern hemisphere which in the Quarternary 
period underwent continental glaciation. The drop of temperatures 
and development of perennial congelation on these continents resulted 
in a lower biological activity and slower oxidation processes so that 
physical factors of gold accumulation came to be dominant in the 
formation of placers. The processes of redistribution of gold in the 
placer deposits of Siberia under the effect of biological and chemical 
agents were, apparently, insignificant. The processes of gold migra- 
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tion in these regions are weakly developed apparently also at present. 
Thus, the quantity of newly formed gold in old dumps, according to 
Kozhevnikov [52], over a period of 30 years was only 2.5 %. More 
significant effects of organic substances on the redistribution of gold 
in placers have been described by Freise in Brazil, where the climatic 
conditions were conducive to the active transfer of gold in the zone 
of hypergenesis in the form of gold-organic complexes [ 53 ]. 

CONCLUSION 

Data available in the literature indicate that gold is unstable in 
nature. Bacterial activity results in its dissolution, migration, and 
deposition under certain conditions. Microorganisms are capable of 
carrying out the complete cycle of gold in nature. It is worth noting 
that the limits of the migration of gold in the sphere of influence of 
biogenic factors are considerably expanded. This is indicative not only 
of the important role of microorganisms in the geological history of 
gold deposits, their formation and weathering but also of the possibili-
ty to use them for leaching or concentrating gold. 

REFERENCES 

Vinogradov, A.P., Geokhimiya, No. 7, 555 (1962). 
De Gracia, A.R., and Haskin, L., Geochim. Cosmochim. Acta, 28, 4, 559 
(1964). 
Phan, K.D., Chronique des mines et de Ia recherche minière, No. 343, 175 
(1965). 
Shcherbakov, Yu.G., Distribution and Conditions of Concentration of Gold 
in Mining Provinces, F.N. Shakhov (Ed.), Nauka, Moscow (1967) (in Russian). 
Voskresenskaya, N.T., and Zvereva, N.F., Geokhimiya, No. 4, 422 (1968). 
Anoshin, G.N., Yemel'yanov, E.M., and Perezhogin, G.A., Geokhimiya, 
No. 9, 1120 (1969). 
Jenney, W.P., Mm. Eng. Trans., 33, 445 (1903). 
Du Bois, G.C., Tschermaks mineralog. u. petrog. Mitt., 22, 1 (1903). 
Stone, R.W., Coal near the Black Hills, Wyoming-South Dakota, U.S. Geol. 
Surv. Bull., 499 (1912). 
Goldschmidt, V.M., and Peters, C.I., Gesellsch. Wiss. Gottingen. Nachricht. 
Math.-Phys. KI., No. 4, 371 (1933). 
Fuchs, W., Indust. Eng. Chemistry, 27, 1099 (1935). 
Leutwein, F., Hallesches Jahrb. mitteldeutsche Erdgeschicht, 1, 83 (1951). 
Razin, L.V., and Rozhkov, I.S., Geochemistry of Gold in the Crust of 
Weathering and the Biosphere of Gold Ore Deposits of the Kuranakh Type, 
A.V. Astrov (Ed.), Nauka, Moscow (1966) (in Russian). 
Yurovsky, A.Z, Mineral Components of Solid Fuels, Nedra, Moscow (1968) 
(in Russian). 

P138 



Volosikova, R.N., Lyakhova, I.G., and Zavorotnykh, I.R., In: Geochemical 
Methods of Prospecting for Gold Ore Deposits by Secondary Halos, V.V. Poll-
karpochkin (Ed.), Papers of the Transbaikal Branch, Geographical Society, 
Chits, Issue 83, 46 (1973) (in Russian). 
Otakuziyev, E.N., and Baskakov, G.P., Uzb. geol. zhurn., No. 6, 34 (1978). 
Vinogradov, A.P., Geochemistry of Rare and Scattered Elements in Soils, 
USSR Academy of Sciences, Moscow (1957) (in Russian). 
Noddack, I., and Noddack, W., Zeitschr. Phys. Chemie, 154 A, 207 (1931). 
Lezhneva, N.D., Zapiski Uzbekskogo otd. VMO AN Uzb. SSR, No. 31, 207 
(1978). 
Kropachev, G.P., Sovetskaya zolotopromysh1ennost No. 8, 46 (1935). 
Zvyagintsev, O.E., In: Geochemistry of Gold, A.E. Fersman (Ed.), USSR 
Academy of Sciences, Moscow - Leningrad,'3 (1941) (in Russian). 
Pogrebnyak, Yu.F., Pustel'nikov, O.S., and Trimonis, E.S, Geokhimiya, 
No. 1 (1980). 
Krauskopf, K.B., Econom. Geol., 46, 6, 858 (1951). 
Peshchevitsky, B.I., Anoshin, G.N., and Erenburg, A.M., DokI. AN SSSR, 
162, 4,915 (1965). 
Vaganov, P.A., and Shtangeyeva, I.V., Uchen. zapiski, Leningrad University, 
No. 392, 163 (1978). 
Vaganov, P.A., Kulikov, R.D., and Shtangeyeva, I.V., Geokhimiya, No. 11, 
1740 (1978). 
Kovalevsky, L.A., In: Geochemical Methods of Prospecting for Gold Ore 
Deposits by Secondary Halos, V.V. Polikarpochkin (Ed.), Papers of the Trans-
baikal Branch of the Geographical Society, Chita, Issue 83, 61 (1973) (in 
Russian). 
Kakovsky, l.A., Izu. AN SSSR, OTN, No. 7, 29 (1957). 
Lyalikova, N.N., and Mokeicheva, L.Ya., Mikrobiologiya, 38, 5, 805 (1969). 
Korobushkina, E.D., and Gukasyan, A.B., In: Biology of Heterotrophic 
Microorganisms, A.B. Gukasyan (Ed.), Krasnoyarsk, 77 (1971) (in Russian). 
Pares, Y.,Ann. Inst. Pasteur, 107, 7, 141 (1964). 
Pares, Y., Ann. Inst. Pasteur, 107, 4, 573 (1964). 
Pares, Y., and Cuper, J., Ann. Inst. Pasteur, 107, 4, 568 (1964). 
Pares, Y., In: Proceedings of the 8th International Congress on Mineral Pro-
cessing, Leningrad, 2, 53 (1969). 
Korobushkina, E.D., Transactions of the 5th Congress of USSR Mineralogical 
Society, Section: Ecology of Microorganisms, Yerevan, 36 (1975) (in Russian). 
Mineyev, G.G., Geokhimiya, No. 4, 577 (1976). 
Korobushkina, E.D., Chernyak, A.S., and Mineyev, G.G., Mikrobiologiya, 
43, 1, 49 (1974). 
Korobushkina, E.D., Zav'yalova, L.L., and Korobushkin, I.M., Izv. AN SSSR, 
Ser. Biol., No. 6, 936 (1977). 
Korobushkina, E.D., Mineyev, G.G., and Praded, G.P., Mikrobiologiya, 45, 
3, 535 (1976). 
Mineyev, G.G., Korobushkina, E.D., Chernyak, A.S., Semenova, L.P., and 
Syrtlanova, T.S., In: AllUnion Conference on the Ecology and Geochemistry 
of Microorganisms, Microbiological Oxidation of Sulfides and the Leaching 
of Various Metals, Abstracts of papers, M.V. Ivanov (Ed.), Pushchino (1974) 
(in Russian). 
Chernyak, A.S., and Shestopalova, L.F., Kolloidny zhurnal, 37, 1, 202 
(1975). 

139 



Mineyev, G.G., and Semenova, L.P., In: Proceedings of the 1st Regional Con-
ference "Young Researchers and Engineers for Eastern Siberia", Section of 
Metallurgy and Engineering, N.F. Losev (Ed.), Irkutsk, 7 (1969) (in Russian). 
Mineyev, G.G., Chernyak, A.S., and Semenova, L.P., Prikladnaya biokhimiya 
I mikrobiologiya, 8, 3, 358 (1972). 
Tissen, S., In: Geochemical Methods of Prospecting for Ore Deposits, 
V.I. Smirnov (Ed.), Inostrannaya literatura, Moscow, 325 (1954) (in Russian). 
Williams, D., Vital Metals, M.E. Vol'pin (Ed.), Mir, Moscow (1975) (in Rus-
sian). 
Shamolina, E.P., Udodov, P.A., and Bernatonis, V.K., In: Geochemical 
Methods of Prospecting for Gold Ore Deposits by Secondary Halos, V.V. Poll-
karpochkin (Ed.), Transactions of the Transbaikal Branch of Geographical 
Society, Chita, Issue 83, 77 (1973) (in Russian). 
Al'bov, M.N., In: Secondary Zonality of Gold Ore Deposits of the Urals, 
V.I. Smirnov (Ed.), Gosgeoltekhizdat, Moscow (1960) (in Russian). 
Chukhrov, F.V., In: Oxidation Zone of Sulfide Deposits in the Steppes of 
Kazakhstan, M.I. Varentsov (Ed.), USSR Academy of Sciences, Moscow 
(1950) (in Russian). 
Roslyakov, N.A., In: Geochemistry and Conditions of Gold and Rare Metals 
Ore Formation, A.S. Mitropol'sky (Ed.), Transactions of the Institute of 
Geology and Geochemistry, Siberian Branch of the USSR Academy of 
Sciences, Novosibirsk, 149, 125 (1972). 
Chibisov, N.?., M.Sc. Thesis, Geology and Mineralogy, Yakutsk (1969) (in 
Russian). 
Sher, S.D., Metallogeny of Gold, 2, Nedra, Moscow (1972) (in Russian). 
Kozhevnikov, M.G., Transactions of "Zolotorazvedka" Trust, M.S. Bazzhina 
(Ed.), 1, Department of Scientific and Technical Information, People's 
Commissariat of Heavy Industry, Moscow (1935) (in Russian). 
Freise, F.W., Econom. Geol., 26, 4, 421 (1931). 



MICROORGANISMS INVOLVED IN TURNOVER OF IRON AND 
MANGANESE: THEIR APPLICATION IN HYDROMETALLURGY 

G.A. DUBININA AND V.V. BALASHOVA 
institute of Microbiology, Academy of Sciences of the USSR, Moscow 

INTRODUCTION 
Iron and manganese are essential elements in the Earth's crust. By 

their contents in the Earth's crust, iron and manganese rank fourth 
and seventh, respectively. Both are metals of variable valence, which 
makes them extremely important for geochemical transformations in 
the biosphere. 

In magmatic rocks iron and manganese occur in the bivalent form. 
Their penetration to the daily surface in the zone of hypergenesis 
is followed by their oxidation and concentration as sedimentary 
deposits. 

Sedimentary deposits of iron in the crust of weathering largely 
consist of oxides in the form of minerals: goethite (Fe(OH)0), fern-
hydrite (2.5Fe 2  0 3  4.5H2  0), hydrogoethite, hematite (Fe 2  0 3 ), 
magnetite (Fe3 04 ) and limonite (2Fe 2 03  . H0). Reduced iron 
occurs in deposits in the form of siderite (FeCO3 ) and silicates, 
chamosite (4FeO. Al 2  0 3  3Si02  . 3H2  0) as well as in the form of 
sulfides (FeS 2 , FeS). Similar to iron, manganese forms ore deposits 
in the crust of weathering either as oxide ores, mainly as minerals, 
pyrolusite (Mn0 2 ), manganite (Mn0 2  . Mn(OH) 2 ), or as reduced 
Mn ores, like rhodochrosite (MnCO 3 ), rhodonite (MnSiO 3 ) and some 
others. 

Both elements are geochemicaily mobile. Reduced Fe and Mn in 
the form of hydrocarbonates and sulphates are readily soluble and, 
with low 02 content, they show considerable concentrations reaching 
up to hundreds of mg/i. Mn is considerably more resistant to chemical 
oxidation by oxygen, hence its hiher geochemical mobility. It be-
longs, together with K, Na, Ca 2  and Mg2 , to group I of mobile 
elements, whereas Fe, together with Al and Ti, belongs to group IV. 

According to thermodynamical calculations and experimental 
data, Mn can be oxidized by oxygen at a marked rate only at pH> 8.5 
[1, 2, 31. In fact, chemical oxidation of Mn in natural waters is extre-
mely low [ 4 ]. 

In the biosphere, there is a constant circulation of iron and manga-
nese in which 'live' organic matter is active. Getting into an oxidizing 
environment, their reduced forms undergo chemical and biological 
oxidation yielding insoluble oxide compounds. Under the action of 
certain factors, primarily of microorganisms, oxides are converted 
back to a reduced form, thereby their mobility and migration in the 
Earth's crust with subsequent redeposition under oxidizing conditions, 
are provided for. Therefore, being active in the oxidation and reduction 
processes microorganisms can influence geochemistry of iron and 
manganese. 141 



OXIDATION OF IRON AND MANGANESE BY MICROORGANISMS 

There are many microorganisms which are able to deposit Fe and 
Mn oxides at the surface of cells or into the medium. They are known 
as iron bacteria. There is great disagreement on the question which 
microorganisms should be grouped with iron bacteria. And the term 
itself needs refinement, which will be discussed below. 

Not infrequently, when microbiological oxidation of Mn is dealt 
with, another term, Mn-oxidizing bacteria, is used. The latter are in 
all cases capable of oxidizing, besides Mn, reduced Fe compounds. 
However not all the iron bacteria are able to oxidize Mn 2 , among 
them are, for example, Gallionella or Sphaerotilus. The reasons for 
this can be understood further in the narration, as mechanisms of oxi-
dizing reactions are considered. 

Due to the basic differences in the functional significance of Fe 
oxidation in metabolism, the so-called iron bacteria distinctly fall 
into two groups. The first one, including a rather limited number of 
species, consists of obligately acidophiic iron bacteria utilizing biva-
lent Fe as energy substrate. The other group comprises microorga-
nisms developing in neutral, weakly acidic or alkaline media. All re-
cent studies of well-known species of this group in pure cultures show 
that they are heterotrophic in their metabolism and that oxidation of 
reduced forms of Fe and Mn is not their energy source for chemolitho-
autotrophic or lithoheterotrophic growth. Moreover, according to 
the thermodynamical calculations of Lees et al. [36], free energy yield 
from a Fe2+  oxidation reaction per mole decreases rapidly with pH 
increasing to over 3.5, reaching the value lower than necessary for 
ATP formation. Consequently, biological use of the energy of Fe 2  
oxidation by microorganisms in neutral medium is ruled out. 

Obligately acidophilic iron bacteria. Winogradsky's idea (1888) of 
oxidation of Fe by microorganisms being a source of energy was con-
firmed by studies of obligately acidophiic iron bacteria. For them, it 
was significantly shown that the energy of reduced Fe oxidation was 
used in constructive metabolism for CO 2  assimilation in chemoli-
thotrophs or assimilation of organic substances in lithoheterotrophic 
microorganisms. They form the first group of "true" iron bacteria. 
The group comprises a limited number of species, namely Thiobacil-
lus ferrooxidans, Leptospirillum ferrooxidans [5, 61, Sulfolobus acido-
caldarius [7] and an organism related to it and described by C. Brierley 
and J. Brierley [8]. Seemingly, acid-resistant 'Metallogenium' can be 
ascribed to this group [9, 101. It is noteworthy that S. acidocaldarius 
developing at a wide range of pH (from 2 to 7.0), is able to use Fe2  
oxidation as a source of energy for its growth only at pH < 3.0 

The enzymatic mechanism of reactions of Fe oxidation. in aci-
dic medium is sufficiently well-known, the evidence available being 
reviewed by many authors [11-13]. 

They occur most commonly in underground waters of sulphide 
deposits and occasionally in acidic waters of ferric springs in pyritized 
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peat bogs. Fe oxidation in acidic waters with the participation of 
microorganisms should be regarded as a special case of total turnover 
of iron in the zone of hypergenesis. 

Thus, obligate acidophiic iron bacteria can develop under extreme 
conditions of acidic medium, where Fe resistable to chemical oxida-
tion at pH < 4.5, can serve as an available source of energy. 

The practical importance of bacteria in question in leaching metals 
from ores cannot be overestimated. It has been discussed extensively 
inliterature [14]. 

Microorganisms oxidizing Fe and Mn in neutral and alkaline media. 
This group is heterogenous in physiological and taxonomic terms. It 
includes 'filamentous' bacteria having a sheath, flexibacteria, unicel-
lular bacteria of taxonornically different groups (budding, coryne-
bacteria, pseudomonadas and others), mycoplasmas, phototrophic 
green, and also cyanobacteria, etc. 

In the past, several attempts were made to classify iron bacteria 
as a physiologically single group [15-18]. With a lack of physiological 
evidence and studies of pure cultures, the classification was based on 
an ecologico-morphological approach. The outward morphological 
features, such as specific deposition of metallic oxides, size and form 
of cells, structure of cellular aggregates microcolonies, were predomi-
nantly taken into consideration as their diagnostic features. 

Somewhat later it was shown that the morphology depended, to 
some extent, on environmental conditions, and consequently one can 
more reasonably distinguish between morphologically different types 
of iron bacteria, than treat them as different species [19-21]. 

The taxonomy had to be revised in view of the results of studies of 
some of the best known iron bacteria in pure cultures. It was con-
cluded that iron bacteria could not be regarded as a physiologically 
homogeneous group, as its members possessed different types of 
metabolism. The ability to oxidize Fe and Mn was only manifested 
under definite conditions. Recently it was shown that bacteria of Me-
tallogenium, Gallionella and Siderococcus gen. Metallogeniaceae 
family, had no cell wall and were saprophytic mycoplasmas [22-24]. 
Placed into this group are Siderococcus gen. earlier classed with auto-
trophs, Siderocapsaceae family, [23, 251 and acid-resistant Metalloge-
nium sp. [10] that is much closer to Gallionella gen. by its morpholo-
gy and ability to oxidize Fe but not Mn. 

All these microorganisms make up a new group of saprophytic 
mycoplasmas commonly occurring in nature. 

It was established that different species of Siderocapsa gen. taxono-
mically belonged to corynebacteria of Arthrobacter genus [21]. 
Morphological forms of growth characteristic of other members of 
Siderocapsaceae family, such as Siderobacter, Sideronerrza, Naumaniel-
Ia, Ferribacterium, developed in pure cultures of Arthrobacter spp. 
under varied cultural conditions. These genera, like the corresponding 
family on the whole, have no taxonomic value of their own. 
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Then, Sphaerozi1us natans, when developing in ferric oligotrophic 
waters, is indistinguishable from species of Leptothrix genus [ 19 ]. 
The question of the taxonomical value of the latter two genera is still 
open to debate [26, 27 ]. 

In. some 'filamentous' bacteria, including certain phototrophs, 
such as green and cyanobacteria, flexibacteria, actinomycetes and 
others, ferric oxides precipitate on their sheaths, and morphological 
structures characteristic of Leptothrix are formed as a result. 

A wide range of procaryotic and also eucaryotic microorganisms 
are able to oxidize Fe and Mn, to a greater or lesser extent. Their enu-
meration would give a long list of members of almost all taxonomic 
groups of aerobic and facultatively anaerobic microorganisms. 

In view of the tremendous role of these microorganisms in 
geochemical processes of Fe and Mn oxidation, in ore formation as 
well as in man's economic activities, they should be looked upon as 
an ecologically important group. 

In addition to commonly known microorganisms, there is a con-
siderable number of algae species able to precipitate Fe and Mn oxides 
on their cell surface. These 'iron organisms', as called, by Pringsheim, 
belong to different taxonomic groups: Cyanophyceae, Chrysophyceae, 
Volvocales •  and others. Their comprehensive list was made by 
Pringsheim [28, 291. 

None of these species occurs in nature in large amounts, and their 
geological activity is negligible compared to that of iron bacteria. 
Whether Fe oxidation is significant for them remains unclear. It 
cannot be excluded that it has a peroxide mechanism identical with 
that of heterotrophic 'iron bacteria'. It looks still more probable if one 
considers the significant amounts of hydrogen peroxide released into 
the medium by a number of cyanobacteria [30-33]. 

The ability to oxidize Fe and Mn extensively manifested by micro-
organisms of different types of metabolism suggests that they must 
have a common non-specific mechanism of the oxidative reactions in 
question. Indeed, it was shown by recent studies that it was based on 
the effect of metabolically liberated hydrogen perOxide [34, 351. 
The mechanism is described at length further in the narration. 

Pathways of microbiological oxidation of Mn and Fe. Accumulation 
of oxides by 'iron bacteria in the presence of dissolved forms of Fe or 
Mn in the medium may be due to many biological or purely chemical 
reasons which are sometimes difficult to distinguish between. 

The main pathways of microbial oxidation or accumulation of Fe 
oxides are as follows: 

oxidation of ferrous and manganous oxides by metabolic pro-
ducts; 

deposition of Fe as a result of utilization of the organic portion 
of its complex or chelate compounds; 

chemisorptional phenomena on the cell surface. 
1. Oxidation of Fe2*  and Mn2  compounds by metabolic products. 

As it has lately been established, oxidation of Mn and Fe by iron 
144 



bacteria typical and abundant in nature is due to the effect of meta-
bolically released hydrogen peroxide from oxidation of organic com-
pounds [34]. Oxidation of Mn by this mechanism seems to be the 
principal, if not the only, pathway of its oxidation by microorganisms. 

Possessing both oxidative and reductive properties, hydrogen 
peroxide may give a number of chemical or biological reactions with 
Fe and Mn compounds. 

At pH>8.5 Mn2 _H202 Mn4 	chemical 

At pH < 7 	Mn4 _H202 Mn2 

Fe2 H2  O Fe 3  J 	-, 

At pH 7 

	

	Mn2 H2 O+ catalase Mn4  biological 
H2 0 2  

Fe2 H202 	Fe1 
As seen from the equation, at neutral pH microorganisms meta-

bolically releasing considerable amounts of H2  02 may participate in 
oxidation of Fe. 

As follows from the first and third equations, biological oxidation 
of Mn is an enzymatic process requiring the presence of both H 2  02 
and catalase. As seen from (2) above, excess of H 2 02  in the 
medium may reduce Mn4 . Consequently, the direction and the pro-
duct of reaction depend upon the rate of H 2  02 production controlled, 
in its turn, by the concentration of organic substrate in the medium. 
Enzymatic oxidation of Mn 2  with H 2 0 2  together with catalase is 
possible when cells continuously release H 2 02,  catalase performing 
the function of peroxidase. Cell-free culture medium would not 
oxidize Mn. A significant role in oxidation of Mn and Fe and accumu-
lation of oxides seems to be played by the surface cell structures 
(glycocalix), as reacting substances: catalase, H 2  02, reduced forms of 
metals, are accumulated in them. Unlike Mn, oxidation of Fe and ac-
cumulation of oxides occurs not only at the cell surface in capUles, 
but also in the environment, hence glycocalix is not obligatory for the 
reactions. 

Possible pathways of microbiological oxidation of Fe and Mn with 
the participation of hydrogen peroxide can be schematically presented 
as follows: 

(I) OrganLsm + 	Mn2 	 frmnO .,  

Or9anLsm a 	 Mn 02 

(:(:DD 	a Or anism b 	
Mn2 	 +H20 

Or9antsm + 	Fe 2 	 : .. 	Fe 3  
H2O 

H2 02 
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The first pathway is typical of the majority of Mn-oxidizing 
microorganisms and has been proven for typical members of the main 
groups of iron bacteria releasing H2 02  and producing catalase, i.e., 
Lep to thrix, Arthrobacter (Siderocapsa), Metallogenium. 

The development connected with Mn oxidation, of an organism 
releasing H2 02  but possessing low, if any, catalase activity, is possible 
in an association with another or several other organisms extracellular-
iy accumulating catalase. This case illustrates the so-called 'symbiotic' 
oxidation of Mn widely occurring in microorganisms, although virtual-
ly this is more likely to be the case of syntrophic relations in a micro-
bial association. It was investigated by us in Metallogenium. 

It should be noted here that in symbiotic cultures oxidation of Mn 
was subject to joint culturing of symbionts, neither could be replaced 
by cultural medium or suspension of cells grown independently. 

H 2  02 released by bacteria in the absence of catalase can be 
easily disrupted by ferrous ions, which is followed by deposition of 
insoluble oxides near the cells or in the medium. In fact, any micro-
or1anisms accumulating H 2  02 extracellularly, can mediate this 
reaction. 

The above three reactions are characteristic of iron bacteria and are 
physiologically significant. 

There are some other pathways of microbiological oxidation of 
Fe and Mn, but they are of minor interest in terms of ecology and 
geochemistry. 

2. Precipitation of Fe due to utilization of organic matter of complex 
organic compounds of iron. Under natural conditions bi- and trivalent 
iron may occur in a solution as complex organic or chelate compounds 
with a number of other substances: humic acids, polyphenols, organic 
acids (sideramins) and some others, and also as positively charged 
colloid solutions. Early ecological studies revealed correlations bet-
ween the occurrence of individual species of iron bacteria and the pre-
sence in natural waters of humates of Fe, so it was concluded that 
accumulation of Fe oxides in capsules of unicellular iron bacteria was 
due to the utilization by them of the organic portion of the complex 
as a source of organic matter [37].  Later on, the ability of many water 
and soil heterotrophic bacteria to deposit Fe from a number of such 
compounds, including humic complexes, was proved experimentally 
[38, 39 ]. 

Occurrence of complex organic compounds of Mn under natural 
conditions is rather limited [40] and can hardly be of any importance 
for geochemistry of Mn. 

When bacteria utilize complex organic compounds of Fe 2  or Fe 3 , 
the latter is accumulated in the capsules of the organism in the form 
of oxides irrespective of H 2  02 formation, though the latter would 
promote oxidation of Fe 2t 

3. Adsorption of Fe and Mn on the surface of cells and cellular 
structures. The accumulation of Fe oxides in the capsules (glycocalix) 
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of a wide range of bacteria may be due to adsorption processes. The 
presence on the surface of cells of mucopolysaccharides, polysaccha-
rides, phospholipids occasionally of a high negative charge, promotes 
the adsorption of positively charged colloid forms of Fe 3 . The rate of 
these processes depends greatly upon the concentration and pH of 
solutions, sharply increasing in highly alkaline or highly acidic medium 
[40, 411. Thus, for example, binding of iron in glycocalix of a mucoid 
composition by the Heil reaction can only occur at pH 0.2-5.0 and 
consequently cannot take place in microorganisms developing in a 
neutral medium. In many bacterial species, adsorption of iron occuis 
at a low rate at the cell wall surface or in glycocalix [ 39 ]. Neither of 
these cases results in more or less distinctly expressed structures 
characteristic of known forms of iron bacteria, the rate of Fe adsorp-
tion being insignificant. 

The adsorption phenomena and autocatalytic oxidation of Mn 
with the participation of Mn0 2  accumulated at the cell surface of 
iron bacteria may be of some significance for the formation of biogenic 
structures encrusted with manganese dioxide, but these processes 
develop a sufficiently high rate at pH> 8.5 [ 3 ]. 

It is important that chemical interaction of Mn0 2  and Fe2  results 
in oxidation of the latter in anaerobic medium and concentration of 
its oxides at the cells of microorganisms: 

Mn02  + Fe2 -* Fe3  + Mn2  
Physiological significance of oxidation of Fe and Mn by micro-

organisms. It is a long-established fact that growth of filamentous 
iron bacteria in the presence of Fe 2  and Mn2  is markedly stimulated 
on media with negligible organic compounds content. As mentioned 
above, known filamentous and unicellular iron bacteria (Lep tothrix, 
Metallogenium, Siderocapsa-Arthrobacter) utilize organic carbon 
yielding hydrogen peroxide. The latter is accumulated intracellülarly 
affecting a number of enzymatic systems and other cellular compo-
nents. The high toxicity of hydrogen peroxide and of its decomposi-
tion products is due to an extremely high reactivity. It is known to 
possess well-pronounced oxidative properties and to be a much 
stronger oxidant than 02, 12' C1 2 . This owes to the fact that, whereas 
activation energy required for ionization of a mole of 02 with 
breaking of the oxygen bond in the oxygen molecule (0 = 0) is 
117 kcal, that in the H 2  02 (-0-0-) molecule is only 30-40 kcal [ 42 ]. 

Generation of H2  02 in Leptothrix results in the inhibited cell 
growth on media with organic compounds, and the latters' concentra-
tions exceeding 2-5 g/l, and consequently, increased H 2  02 synthesis, 
lead to lysis of cells. The addition of ferrous or manganous compounds 
to the medium improves markedly bacterial growth, and it was shown 
that no accumulation of H 2  02 in the medium took place. Mn0 2  
(Fig. 1) as well as catalase degrading H 2  02 added to the nutritional 
medium has a similar effect [34, 351. 
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Thus, the presence in the medium of Fe 2 , Mn2  and Mn" com-
pounds markedly improves bacterial growth by degrading the meta-
bolically released H 2  02. 

To recapitulate, biological processes of oxidation of Fe and Mn by 
a wide range of microorganisms are based on a common peroxide 
mechanism. It consists of a set of reactions between hydrogen peroxi-
de and reduced compounds of metals of variable valence. The rever-
sibility of reaction between H2  02 and Mn2  and Mn4  stipulates the 
conditions of accumulation of Mn oxides, that is oliotophic con-
ditions, which is in a fair agreement with ecological observations. 

The physiological significance of these reactions is in the defence 
against a harmful metabolic product, H.2 02 . It is a determining 
factor of development of 'iron bacteria' in specific ecological niches, 
where iron and manganese are present. 

It must be emphasized that the mechanism of interaction of exoge-
nous reduced compounds of iron and manganese with hydrogen 
peroxide discussed above underlies a new type of defence reactions of 
microorganisms against a .toxic effect of partially reduced species of 
oxygen. 

It follows from the foregoing that the traditional term, iron bacteria, 
cannot be applied indiscriminately to a wide range of microorganisms, 
whose metabolism is differently dependent upon the functional 
significance of iron. It seems reasonable to use the term 'iron bacteria' 
in reference to a group of obliately acidophilic chemolithotrophic 
microorganisms able to utilize Fe + as energy substrate. 

For an abundant group of heterotrophic microorganisms displaying 
a non-specific function of peroxide oxidation of Fe and Mn at neutral 
and weakly alkaline pH, the term 'iron precipitating' and 'manganese 
precipitating' microorganisms, originally proposed by Naumann, 
should be used, since it fully reflects the essence of the processes. To 
iron-precipitating microorganisms belong some phototrophic micro-
organisms (green and purple sulphur bacteria, cyanobacteria) that 
accumulate metallic oxides at the cell surface. In this case, too, the 
most plausible mechanism is the peroxide pathway of oxide formation 
described above. 

Quite obviously, the participation in oxidative reactions of a meta-
bolic product, H 2  02, released in a number of metabolic reactions, 
must account for a wide occurrence in different biotopes of micro-
organisms able to oxidize manganese and iron. According to numerous 
reports, in fresh waters, under favourable conditions iron bacteria can 
amount to 70-90 % of total bacterioplankton, while on the average 
they make 7-12 %; in soils, they amount to 5-15 % of microflora 
[43]; in iron sediments of seas and oceans, they make an average of 
13 % [44, 451. 

It suggests enormous geochemical activities of microorganisms in 
turnover of iron and manganese. The role of microorganisms in 
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Fig. 1. Dependence of the stimulating effect of Mn and Mn on the growth of 
Leptothrix pseudoochraceae upon glucose content of the medium: 
1 - control; 2 --'MnSO 4 ; 3 - +Mn0 2 ; 4— +catalase (DCP, 2,4-dichior-

phenol, catalase inhibitor) 

circulation of Fe and Mn in water basins and in ore formation was 
dealt with in a number of reviews and in pertinent sections of books 
[23, 44, 46-521. 

REDUCTION OF IRON AND MANGANESE BY MICROORGANISMS 

In the geochemical cycle of Fe and Mn microorganisms reducing 
their oxidized compounds, are involved. 

Reduction of Fe. As discussed above, Fe II ion is unstable in the 
zone of hypergenesis. In acidic medium (occurring rather rarely under 
terrestrial conditions) ferrous iron is stable even when the medium is 
saturated with oxygen. At pH values close to neutral, in the presence 
of oxygen reduced Fe is stable in complex compounds. Fe II is also 
stable at negative Eh values, hence reduction of Fe may predominant-
iy proceed in anaerobic conditions. It was shown that diverse micro-, 
flora, e.g. anaerobic, facultatively anaerobic and aerobic microorga-
nisms, participated in reduction of Fe. 

Non-specific reduction of iron by microorganisms. For a number 
of microorganisms metabolically releasing into the medium strong 
reductants, such as H 2  S, some organic acids, muca, complexing agents, 
reduction of iron is a minor process. A non-specific bacterial reduction 
of Fe has been under investigation since long ago [55 -62] and it,has 
been shown that it may be caused by anaerobic members of Bacillus, 
Clostridium, Desulfovibrio, Desulfotomaculum genera and others. It 
has also been, shown that oxidized iron can be reduced by aerobic 
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heterotrophic microorganisms, such as bacteria (A rthro bacter aures-
cens), actinomycetes (Actinomucor repens), fungi (Fusarium sp., 
Aspergillus niger) [65, 661, seemingly, with the aid of complexing 
agents. 

Specific, iron-reducing microflora. It was found that in specific 
microflora reduction of Fe was an enzymatic process. According to 
Ottow et al. [66-68], some heterotrophic facultatively anaerobic 
microorganisms (e.g., representatives of En tero bacteriaceae and 
anaerobic Pseudomonas) having nitrate-reductase, are capable not 
only of anaerobic respiration with nitrate, but also of reduction of Fe 
oxides. When both Fe III and nitrate are present in the medium, 
microorganisms reduce nitrate as energetically more beneficial accep-
tor of electron [69] and reduction of Fe ceases [70, 62, 891. After 
Ottow obtained 'nit-' mutants from a number of organisms having 
nitrate-reductase, namely, Aerobacter aerogenes, B. cereus, B. cir-
culans, B. polymyxa, Serratia marcescens and P. aeruginosa, he dis-
covered that some nitrate-reductase deficient organisms continued 
to reduce oxidized Fe. So it was concluded [67, 681 that besides nitra-
te-reductase, there were some other reductases in the electron transfer 
chain, participating in the reduction of Fe, they were tentatively 
called ferri-reductases [71]. Galstyan [45] observed that the amount 
of reduced iron bound to reducing bacterial systems increased with 
NAD. H 2  and NADP . H 2  added to the bacterial suspension. Galstyan 
et al. also postulated the existence of Fe 2  0 3  -reductase, but they 
failed to isolate it. It was also demonstrated that NAD . H 2  and 
NADP . H 2  influenced reduction of Fe 2  0 3  by organisms of Bacillus, 
Pseudo rnonas, Clostridium genera, by some representatives of acti-
nomycetes and fungi, under anaerobic and aerobic conditions. That 
bacterial reductases were involved in reduction of Fe was also reported 
by Japanese workers [72-74] who succeeded in blocking the process 
by inhibitors of the electron transfer chain. In the presence of inhi-
bitors of dehydrogenase no bacterial reduction of Fe occurred [61,751. 
The role of dehydrogenase in the reduction of oxidized iron and other 
inorganic compounds in Micrococcus lactolyticus was studied by 
Woolfolk [76]. Reduction of Fe III under hydrogen was observed in 
a microorganism strain isolated on Schiegel's medium [77] with 
0.02 % yeast extract and Fe III in atmosphere of H 2  and CO 2  [78]. 
This facultative anaerobe capable of hydrogen nitrate reduction and 
possessing potent nitrate-reductase develops small biomass due to the 
growth inhibition by the final product (reduced iron or nitrite), 
therefore it is impossible to follow further the fate of the lithotrophic 
organism. The ability to reduce Fe was also demonstrated in aerobic 
lithoautotrophic organisms: T. thiooxidans, T. ferrooxidans, S. acido-
caldarius [79] able to utilize Fe III as an acceptor of electron and 
reduce it in oxygen deficiency. 

Microorganisms can reduce not only dissolved oxidized Fe (e.g., 
FeCl 3 ), but also its insoluble compounds, such as Fe(OH) 3 , minerals. 
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Bacillus 29 and Bacillus 29A strains reduced limonite, goethite and 
hematite on a glucose-peptone medium [80].  Pseudomonas sp. 
reducing Fe III, was able to reduce ferrihydrite [78, 81]. Reduction of 
Fe III was not always preceded by acid formation, i.e. dissolution of 
the mineral, and reduction may occur at weakly alkaline pH [65, 67, 
681. Thus, irrespective of the site of reduction of Fe (inside or outside 
the cell), the major role in these processes may seemingly be played by 
complexing agents-transmitters [82]. Fe II has a low migration ability, 
at low concentrations it can migrate in the form of humates and 
fulvates [57, 83, 841. 

Reduction of Fe permanently proceeding under natural conditions 
is vitally important for all organisms, Fell being part of cytochromes, 
catalase and other metallic enzymes involved in essential biochemical 
functions of organisms. For certain autotrophic microorganisnis Fe II 
is energy substrate. 

Reduction of manganese. Mn II is stable in almost all natural 
waters up to pH 8 [1, 21. Oxidized Mn is reduced at lower Eh and it 
is readily involved in exchange redox reactions with polyphenols, 
H2 02,  Fe II. 

Reduction of Mn IV as a minor process in microorganisms. Micro-
organisms generating large amounts of H 2  02, while growing on organic 
substrate, can reduce Mn IV to Mn II [34, 85 ]. 

When microorganisms with deposition of Mn0 2  in the capsule are 
submerged into an anaerobic zone containing Fe II, they participate 
indirectly in reduction of Mn, as the following reaction goes at their 
surface: Mn IV + Fe II - Mn II + Fe III [86, 871. An important part 
in the reduction and migration ot Mn II is played by organic acids, 
chelating agents, humus and fulvoacids [ 84 ]. 

The ability of microorganisms to reduce Mn IV was investigated 
by many workers. A number of heterotrophic microorganisms in-
volved were described by Grodzinskaya [88] and Troshanov [89]. 
On the basis of the accumulated evience about manganese-redu 
cing microorganisms, they can be classified into three groups. 

The first group comprises facultative anaerobes able of nitrate 
reduction. A representative of the group, Bacillus polyrnyxa, can 
reduce NO 3 , Mn IV and Fe III. Nitrate blocks the reduction of both 
Mn IV and Fe III. It is supposed that reduction occurs by a nitrate-
reductase pathway [90-92]. 

The second group consists of microorganisms reducing Mn I \ 
and Fe III, but not NO3  . Nitrate does not block reduction of Mn I 
or Fe III. For example, Clostridium butyricum mutant deficient c 
nitrate-reductase, reduces Mn IV and Fe III. Mn0 2  blocked reduction 
of Fe, the presence of NO 3  in the medium had no effect on the 
reduction [90]. Castro and Ehrlich discovered on Bacillus sp. 29A 
reducing only Fe III and Mn IV, that a stable product of non-enzymic 
origin served as a reductant [80]. 

The,third group includes microorganisms reducing only Mn IV 
[93, 941. A possiWe pathway of reduction of Mn IV is tlhf,  peroxi 
one. 



The participation of microorganisms and the mechanism of re-
duction of Mn remain largely unexplored. Presumably, an important 
role is played by microorganisms that are non-specific reductants of 
Mn IV. 

Manganese is an essential element of biogenic structures, an activatOr 
of enzymes, an element involved in photosynthesis. Deficiency of 
reduced manganese in substrates results in heavy metabolic abnor-
malities. Therefore, reduction of Mn is a link in its cycle which is 
important for life on earth. 

Leaching of Fe and Mn from ores by microorganisms. Fe and Mn 
of ore components can be washed out with organic and mineral acids 
produced by microorganisms (e.g., decomposition of ore components 
with sulphuric acid produced by T. thiooxidans), and also during 
bacteria' reduction of .Fe and Mn. It. should be noted that research 
work on the problem of leaching of Fe and Mn from ores is yet at 
its initial stage, both as regards isolation of microorganisms involved 
and the knowledge of its mechanism. 

The ability of microorganisms to reduce Fe III and Mn IV can be 
employed by industrial microbiology for extraction of Fe and Mn 
from poor ores, since reduced Fe and Mn are relatively mobile, as 
opposed to their oxides that are insoluble at neutral pH. Fe and Mn 
can be extracted from ores by known laboratory m,icroorgahisms, as 
well as by newly isolated ones. Isolation of microorganisms reducing 
Fe and Mn is usually carried out on liquid and agarized medium of 
Bromfield [61, 751 containing KH2 PO4 , 0.5 g; MgSO4  .7H 2 0, 
0.2 g; (NH4 )2  SO4  1.0 g; sucrose, 10.0 g; CaCO 3 , 5.0 g; yeast extract, 
0.3 g; agar, 20.0 g; distilled water, 1 liter; pH 7.0. Similar media were 
used by Ottow [62] and Troshanov [93].  Ore was crushed, sterilized 
and added to the medium at 50-100 g/l. It was shown by several 
investigators that the reduction processes depend upon ore particle 
size, the ratio of a solid and liquid phases of the medium, time of 
culturing, removal and addition of sterile medium, continuous-flow 
conditions (percolators). Microflora reducing Fe and Mn and resistant 
to their ions can be isolated from ore deposits. By this approach 
Gvilava and Sakhvadze [95] succeeded in isolating active manganese-
reducing microorganisms Pseudomonas herbicola and Aeromonas from 
the Chiatura Mn deposit. It was observed that isolated microorganisms 
produced organic acids that were complexing agents. Mn-reducing 
ability of microorganisms was proportional to malate dehydrogenase 
activity, For leaching of Mn ores, Baberiko and Grigoryev [96] isolated 
Achromobacter delicatulus reducing 50-60 % of Mn IV in the 
medium. American workers [97] isolated microflora from dumps of 
mines on a medium with addition of leaves, humus, stagnant water, 
that leached 98 % of Mn in 60 days. Agate et al. [98] isolated Mn-
reducing Pseudomonas, Bacillus and Arthrobacter from mineral sedi-
ments of water-supply pipes of different areas in India. The isolated 
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microorganisms extracted 90 % Mn from ores (Pseudomonas and Ba-
cillus during 90 day, and Arthrobacter during 40-day culturing). 

As it was mentioned in the foregoing, laboratory cultures of micro-
organisms can be used for leaching Fe III and Mn IV. A method of 
leaching Mn by means of T. thiooxidans was proposed by Japanese, 
authors [99]. After culturing T. thiooxidans on a medium with sul-
phur, Mn ore was added to the medium, H 2  S or SO2  were blown 
through the cultivator; by the end of experiment accumulation of 
MnSO4  occurred. 

Apparently, for the purpose of leaching B. polymyxa and B. cir-, 
culans can be used, as they can reduce as much as 600 mg/l Mn II 
and 240 mg/l Fe II in 12 days [93] and, being sporous organisms, are 
more resistant to heavy metal concentrations. For reduction of Mn IV 
in ores, museum cultures of bacteria producing large amounts of 
H2  02, can also be used. Evidently, for this reason in the work of 
Agate [98]Arthrobacter  displayed a higher speed of leaching Mn from 
ores than Pseudomonas and Bacillus (growing on organic media, 
Arthrobacter releases considerable amounts of H 2  02 (35). 

CONCLUSION 

As seen from the above review of literature, the problem of leaching 
of Mn and Fe by microorganisms from ores, even under laboratory 
conditions, remains largely unexplored, the underlying mechanisms 
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Fig. 2. A scheme of isolation and application of organisms for the purpose of 
leaching manganese from ores 

being unclear. And then there is a long way to go from laboratory to 
pilot plant studies. The researcher needs stable bacterial cultures with 
known mechanisms of reduction of Fe and Mn, to be able to control 
the process and adjust technological regimes for a pilot plant (Fig. 2). 
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MICROBIAL LEACHING OF METALS FROM ROCKS 
(Essentially from granitic rocks) 

J. BERTHELIN 
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VANDOEUVRE-LES-NANCY CEDEX, France 

INTRODUFION 

Interactions between microorganisms and metals have been 
considered under different. aspects with emphasis on: solubiization 
or concentrations of elements of economic importance (sulfides 
leaching, sulfides deposits ... ); soils fertility or soils formation; meta-
bolism of inorganic compounds; toxicity and pollution; removal of 
toxic metals or trace elements from industrial and municipal wastes 
[1-17]. 

During the last few years, microbial leaching of metals has at-
tracted a larger interest and a better attention in many countries and 
several international meetings were devoted to such processes. Howe-
ver most of the reports concerned the leaching of sulfides minerals 
with Thiobacilli and essentially the recovery of copper from sulfides 
or of uranium associated to sulfide minerals. But few studies were 
done on leaching of metals from rocks by such bacteria. 

On the other hand heterotrophic microorganisms and nitrifying 
bacteria that control the carbon and the nitrogen cycles were mainly 
considered under a pedogenetic and agronomic point of view. But 
such microorganisms are able by different mechanisms (acidolysis, 
complexolysis, alkalinolysis, uptake of elements in microbial cells, 
direct or indirect reduction) to mobilize mineral elements from rocks 
and minerals and merit to receive a larger attention. 

Heterotrophic microbial solubiization of elements has been studied 
for a wide range of minerals (silicates, oxides, phosphates, sulfides, 
native elements, carbonates), but as mentioned in a recent report 
[18] "considerably less work has been reported on the biodegradation 
of rocks". 

The present report considers mainly the solubiization or leaching 
of elements from rocks, i.e. from any consolidated or coherent and 
relatively hard, naturally formed, mass of mineral matter generally 
formed of several minerals. 

The principal elements considered here will be the major elements 
(Si, Al, Fe, Mn, Mg, Ca, K) and some trace elements (Ti, Cu, U...) 
essentially from granitic rocks. 

METHODS IN ROCKS MICROBIAL LEACHING 

As for minerals, microbial solubiization of rocks was studied in 
batch cultures, in percolation devices, and also in solid medium with 
plating techniques. 
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In batch cultures, flasks containing samples of rocks received 
nutrient media and are inoculated by one strain, or a mixed popula-
tion of microorganisms. In some experiments, to prevent contact 
between minerals and microorganisms and to separate direct (en-
zymatic) from indirect processes (role of metabolic compounds) or 
to distinguish influence of large molecular weight compounds from 
low molecular weight compounds mineral samples were placed in 
dialysis bags [19, 20 1. But such devices including "fermentors" are 
relatively closed and confined systems. 

As for the studies of the microbial soil processes, most of the per-
colation tests, concerning minerals or rocks leaching, were performed 
under conditions where the effluents were recycled [21-23]. However, 
the continuous or semi-continuous flow method seemed also 
interesting and appeared to be most appropriate for modelling natural 
conditions because this device, which is an open system, was pre-
sumably closest to natural conditions [20, 241. Nutrient solutions 
were perfused at regular intervals through columns containing rocks 
samples. Plant materials can be placed at the top of the column as 
carbon source. 

Experiments in the field were based on a method, relative to the 
perfusion one, and used lysimetric columns containing rocks samples 
that received plant materials as carbon and energy source. 

In all these experiments sterile or abiological controls were ob-
tained by autoclaving or by adding antimicrobial compounds. 

Plating techniques have been generally used only to study solubii-
zation of phosphates, carbonates and silicates. 

EVIDENCE OF HETEROTROPHIC MICROBIAL SOLUBILIZATION OF 
MAJOR AND TRACE ELEMENTS FROM ROCKS 

In presence of different available sources of carbon and energy, 
heterotrophic microorganisms form new cell structures and new 
chemical compounds (fermentation end products, excess biosynthetic 
products...) that can act directly or indirectly on minerals. In batch 
culture or in percolation devices, in presence of glucose nutrient 
media it has been observed that heterotrophic microorganisms have 
utmost multiplied respectively by 14, 102, 112, 113, 12, 5, 5, 97, 8 
the chemical solubiization of Si, Al, Fe, Mn, Mg, Ca, K, U and Cu 
from soil and granite-sand, granites and syenites [20, 25, 26 ]. 

During semi-continuous flow percolations, of columns of granite 
sand from an acid brown forest soil, by a glucose nutrient medium, 
a complex microflora from this soil (bacteria and fungi) have solubii-
zed significantly (P = 0.01) Si, Al, Fe, Mn, Mg, Ca and K through the 
formation of acid compounds. During an eight months semi-con-
tinuous flow percolation, respectively 268, 159, 72, 163, 112, 226, 
3 mg of Si0 2 , Al 2  03 , Fe 2  0 3 , MnO, MgO, CaO and K 2  0 were solubi- 
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Fig. 1. General aspects of 
the kinetics of hetero. 

trophic microbial solubii- 
zation of elements from 

rocks: 
a - percolation device with 
a complex microflora; b - 
percolation device with a re-
latively simplified microflora 
(partial sterilization); c - 
batch culture with a pure 
strain or a simple mixed 
population; d - batch cul-
ture with a complex popu-
lation (S - sterile control) 
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lized through the formation of 28 mihiequivalents of acids by the 
microflora which used approximately 39 g of glucose [20].  In this 
experiment, attempts to determine the general aspect of the kinetics 
of microbial solubiization according to the cumulative curves repre-
sented by the figure la conducted to consider an equation of the 
following type y = a +bt_ ae t ,  i.e. an exponential function to 
which one can add a linear variation. 

In batch cultures, two main different types of heterotrophic micro-
bial solubiization curves were observed. With pure strains or simple 
mixed population, the kinetic aspect of microbial solubilization is 
similar to growth curves (i.e. exponential) (figure ic). But with some 
complex microflora, one can observe successive phases of solubiiza-
tion and insolubiization (figure id). Such phases correspond to the 
production then to the biodegradation of metabolic organic com-
pounds. Considering the figure id, chromatographic analysis has 
shown that iron microbial solubiization corresponds to the pro-
duction of mainly lactic, succinic, citric acids and that insolubiization 
was due essentially to citrate biodegradation [20, 271. Similar curves 
have also been observed [28 --30] for Fe, Al, U, Zn from alumino-
silicates, granite sand, granitic uranium ore, zinc silicate. 

Generally in all these types of experiments, the extraction of ele-
ments occurred at a high rate at the beginning, then the process either 
decelerates or stops, depending on the devices used and the experimen-
tal conditions. Auto-poisoning of the microflora, consumption of 
nutrients, blocking of rock surfaces, decrease of production of meta-
bolic compounds... can be involved. 
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Copper and uranium respectively from a granite containing essen-
tially malachite and from an aplite (figure lb) containing uranium 
oxides were also solubiized by heterotrophic micro flora [25].  Table 1 
summarized results of microbial solubiization of elements from rocks 
obtained by different authors. 

SOLUBILIZATION OF ROCKS ELEMENTS BY AUTOTROPHIC BACTERIA 

Leaching of rocks with Thio bacilli, except for sulfide minerals or 
ores associated to sulfides minerals (like uranium) was practically not 
studied and nitrifying bacteria were also studied in regard of stones 
deterioration and soils formation or degradation [31-3 5].  Berthelin et 
al. [35] have observed that, during in situ litter decomposition in 
lysimetric columns, containing granite sand from a brown acid forest 
soil, calcium and magnesium solubilization were significantly (P = 0.01 
and P = 0.05) correlated to the formation of nitrate (Figure 2). 
Such processes were not observed in abiological controls. Calcium and 
magnesium is possibly provided by plagioclase and ferromagnesian 
minerals present in the rock samples. 

NO3 I 
mg 

Ca 
Mg NO3 

800 
200 ------- -- 

Ca Fig. 2. Influence of nitrification, 

500 occurring during biodegradation of a 
litter of graminaceous plant (Festuca 

too sylvatica), on calcium and magnesium 
solubilization from a granite sand 

ioo Mg 

'F 'M 'A 	M'J 'J 'A 'S 	0 'N 
Months 

MECHANISMS OF MICROBIAL ROCKS LEACHING 

As leaching of elements from rocks by Thiobacilli, except for sul-
fide ores, has not been studied extensively, sulfur and iron oxidation 
will not be discussed here. 

Table 1 
Microbial solubilization of elements from different rocks materials 

Rocks Elements Microorganism Processes References 

Granodiorite Fe Different fungi 
(greater ef- 

Acidification 
lComplexation 

37 
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Table 1, continued 

Rocks Elements Microorganism i  s 	Processes References 

ficiency with 
Aspergillus) 

Pegmatites Li, Si, Al, Fungi 38 
Fe 

Aplites, bit- Si, Al, Fe, Fungi, hetero- Acidification 9, 20, 24, 27, 35, 
umens, granite Mn, Mg, Ca, trophic bac- Complexation 36, 39-41, 84 
sand, granites, K, U teria, nitrifying Reduction 
syenite bacteria Uptake 

(Pseudomonas 
appeared ac- 
tive) 

Rocks conta- U Moulds, hete- Acidification 42 
ining uranium rotrophic Complexation 

bacteria (but 
Thio bacilli 
appear most 
efficient) 

Sandstone, K, Mg, Fe, Yeasts and Acidification 43,44 
amphibolite Al, Si filamentous Complexation 

fungi (oxalic and 
citric, 
gluconic) 

Greensand K Aspergillus Acidification 45 
niger Complexation 

Dunite Fe, Mg A. niger Acidification 46 
Complexation 

Granite Si, Fe, Mn Different fungi Acidification 47 
Granitic gneiss (A. niger seems Complexation 
Hard pans more active) (oxalic, citric, 
Serpentine fumaric) 
rocks 
Soils 
Kalitrachyte K Silicates bac- 48 

teria 
Basalt Lichen myco- Acidification 49 

bionts Complexation 
Limestone Ca Nitrifying Acidification 31 

bacteria 
Carbonate and Cu A. niger, 50,51 
silicate ore of Lacto bacillus 
copper 
Serpentinized Ni Nitrifying Acidification 34 
altrabasic bacteria 
rocks 
Basalt Fe, Al Penicillium Acidification 52,53 

simplicissimum Complexation 
1'errallitic soils Fe, Ca, Al, Soil microflora Acidification 54 
laterites) Mg, K Complexation 
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Table 1, continued 

Rocks Elements 	Microorganisms Processes References 

Aplite, episye- U, Cu, Fe, Soil and rock Acidification 25 
nite, granite, Al, Mg mcroflora, Complexation 
bitumens bacteria and 

fungi 
Laterites Au, Cu Different 55,56 

heterotrophic 
bacteria 

Limestone Ca Thiobacilli Acidification 32 
Diabase Fe Different fungi Acidification 57,58 

(A. niger Complexation 
seems the more 
efficient) 

Amphibolite Fe, Co, Eu, Yeast Uptake and 59 
Yb, Ca, Ba, solubilization 
Sc, Lu, Cr, 
Th, U 

Granite Fe Lichens Acidification 60,61 
Soil Marl Chelation 
Basalt, granite Ti, Al, Fe, P. simplici- Acidification 62,63 
Granodiorite Mg, Si ssimum Complexation 
Rhyolite, an- (citric) 
desite, peridotite, 
quartzite 
Granite Na, K, Ca, Heterotrophic Acidification 23 

Mg, Fe, Al, bacteria Complexation 
Si (lactic, glucu- 

ronic, oxalic) 

Sandstone Silicate bac- Acidification 64 
teria, 
Pseudomonas Complexation 
sp. Organic acids 

a) Influence of metabolic compounds. In batch cultures, correlation 
between production of metabolic compounds and microbial solubii-
zation of Si, Al, Fe, Mn, Mg, Ca and K of a granite sand, has been 
observed [20, 361 (Table 2). It is interesting to note, in such experi-
ment, a positive correlation between total microbial acidity produced 
by microorganisms and solubiization of all the elements considered. 
But the production of volatile acidity (acetic, propionic, butyric, 
lactic) was only positively correlated with Mn, Ca and K solubiization 
and the production of oxalic acid only with Si, Al, Fe, Mn and Mg. 
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Table 2 

Effect of metabolic products on the solubilization of mineral elements from a 
granite sand: positive correlation (P) or absence of correlation (A) (test of 
Spearman for P = 0.05) between microbial solubilization and metabolic 

compounds simultaneously formed 

Si Al Fe Mn Mg Ca K 

Total microbial acidity P P P P P P P 
Total volatile microbial 
acidity A A A P A P P 
Oxalic microbial acidity P P P P P A I 	A 

According to the degradation and transformation of. minerals, in 
particular phyllosilicates, two main processes, acidolysis and comple-
xolysis, were involved and are summarized respectively by the follo-
wing general reactions (1) and (2). 

(Mineral) M + HR 	H (mineral) + MR 
(R = NO3  , R 1 	HCO3  , SOC) 
(a) (Mineral) M + HL - H (mineral) + LM 
(b) HL - + LM -+ L 2  M + iF (L = organic ligands) 

Acidolysis of minerals is defined as a process involving proton acti-
vity and solubilizing mineral elements from rocks in ionized form. 
Acidification may result either from the formation of an acidic meta-
bolite or from a preferential utilization of alkaline substrates. Micro-
bial oxidation of inorganic (sulfide, sulfur, ammonia ... ) and organic 
compounds may produce non complexing or weak complexing acids 
(carbonic, nitric, sulfuric, formic, acetic, butyric, lactic, succinic, 
gluconic, etc.). Another way of acidification is for instance the assimi-
lation of ammonium ions leaving acidic anions (sulfate, chloride) in 
solution. 

Complexolysis is a process corresponding to microbial formation 
of complexing or chelating agents that solubiize mineral elements 
(iron, aluminium, copper, zinc, nickel, manganese, calcium, magne-
sium ... ), Thus metal-organic complexes or metal-organic chelates are 
formed. Chelation may be defined as the equilibrium reaction between 
a metal ion and a complexing agent characterised by the formation of 
more than one bond between the metal and the molecule of the corn-
plexing agent and resulting in the formation of a ring structure incor-
porating the metal ion. Metal ions are bound strongly to chelating 
agents. This increasing stability of metal ions depends on the number 
of rings formed by one molecule of chelating agent with the metal 
ion, the size of the rings and the nature of the donor atoms. 

Among the chelating compounds formed by microorganisms are 
organic acids (citric, oxalic, 2 keto-gluconic, tartric...), phenols (salicy - 
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lic, 2-3 dihydroxybenzoic acids ... ) or more complex compounds such 
as for instance siderophores (i.e. trihydroxamic compounds or tn-
diorthophenol compounds). 

Some authors [37, 40, 65, 661 have shown by different methods 
the formation of stable complexes with Si, Al, Fe, Mg and Ca during 
the heterotrophic microbial solubiization of elements from rocks and 
minerals. 

Microflora obtained through partial sterilization, by addition of 
antimicrobial compounds (methyl para-hydroxybenzoate, thymol, 
pine resin ... ) to the perfusion solution or to the soil and rock samples, 
have promoted significantly the microbial solubiization of Si, Al, 
Fe, Mn, Mg, Ca, K, U, Cu from granitic rocks through the formation 
of larger molecular weight (Ca. 2000-3000) organo-metallic com-
pounds [24, 25, 40, 681 (Table 3). 

Table 3 

Cumulative net solubiization of Fe, Cu,, Al, Mn (in mg), after 30 days perfusion, 
of. 200 g of a cupriferous granite containing 2.5 % of Cu, by a glucose nutrient 

medium 

Fe Cu Al Mn 

Complex soil microflora 32 49 20 44 
Partial sterilization (+ thymol) 130 160 75 76 
Partial sterilization (+ lipids) 45 83 23 64 
Sterile control (+ Na merthiolate) 0.04 20 0.1 2 

Such compounds were formed by the association of simple organic 
compounds (i.e. iso-citric, citric, oxalic, lactic, succinic, parahydro-
xybenzoic, protocatechic, ortho and para coumaric, ferrulic acids) and 
mineral elements (Figure 3). Microorganisms involved in such processes 
seemed mainly Pseudomonas and eventually some associated Bacilli 
and yeasts [40, 68]. 

Alkalis of microbial origin (ammonia, sodium carbonate) are also 
involved in release of silica from nepheline, plagioclase, quartz, 
phytoliths and glass but alkalinolysis were not apparently considered 
on release of silica from rocks [69]. 

b) Bacterial reduction processes possibly involved in rocks leaching. 
Anaerobic bacteria (Clostridium sp.) and facultatively anaerobic 
bacteria (Bacillus) are able to reduce iron and manganese [70-74] 
by different mechanisms not well understood in particular for iron. 
Results from Ottow [72, 731 and Munch and Ottow [74] have sug-
gested that the dissimilative nitrate reductase enzyme systems or a 
similar enzymatic system and/or an unknown enzyme system designa-
ted as dissimilative ferni-reductase is perhaps involved in fernic reduction. 
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Such microorganisms promote iron and manganese solubilization 
from granitic rocks [26, 39, 671. As they also formed acid compounds 
(mainly formic, acetic, propionic, butyric, lactic acids) they are also 
able to solubiize simultaneously other elements (Si, Al, Mg, Ca, K, U, 
Cu) but without enhancing the "normal" microbial solubiization of 
these elements (Figure 4). Recently Ehrlich [75] has discussed the 
possible leaching of manganese ores by such bacteria able to attack 
Mn4  or Mn3  oxides. 
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c) Uptake of elements from rocks by microbial cells. For their 
mineral nutrition or in excess of their mineral nutrition, microorga-
nisms can absorb soluble mineral elements. But it appears that they 
are also able to uptake on or in their cells insoluble elements from 
minerals and rocks. Weed et al. [19], Thiam [76] have shown 
respectively that fungi have uptaken potassium from a mica and 
copper from metal. But Rades-Rohkohl et al. [59] have recently 
reported uptake of Fe, Co, Eu, Yb, Ca, Ba, Sc, Lu, Cr, Th and U from 
amphibolite. Munier-Lamy [25] and others [84] have observed uptake 
of uranium from different rocks (aplite, granite, bitumens) by fungi 
(Aspergillus ochraceus, Penicillium funiculoswn) (Figure 5). Deficient 
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Fig. 5. Uptake of uranium 
from aplite by Aspergillus 
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medium: 
a - growth in non-deficient 
medium; d - growth in defi- 

cient medium 

nutrient media decreased mycelium growth but have promoted 
uranium uptake that has reached 2.8 mg U/g of dry biomass. They 
have also shown that this uranium preconcentration and recovery 
appear to depend on the cell energetic processes (Table 4). 

Table 4 

Influence of inhibitors on the growth of A. ochraceus and uranium uptake from 
aplite after 15 days incubation 

pH 	Dry mycelium 	U uptake 
(g/culture flask) 	(pg Ufg  mycelium) 

Non-deficient nutrient 	6.4 	1.176 	 34 
medium 
Non-deficient nutrient 	4.9 	0.100 	 158 
medium + 2-4 DNP 
Non-deficient nutrient 	5.0 	0.072 	 58 
medium + NaN 3  
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FACTORS INFLUENCING THE MICROBIAL LEACHING OF ELEMENTS 

a) Nutrient mineral deficiency. Some bacteria and fungi are able 
to produce larger amounts of chelating agents in deficient media. 
Peters and Warren [77], Emery [78] have reported larger production 
of siderophores-like substances, respectively by Bacillus sub tills and 
Ustilago sphaerogena, in iron deficient media. Aristovskaya [79] 
has observed that deficiencies in Ca, K and Mg promote microbial 
acid formation by bacteria and Pen icillium. A soil yeast, Lipomyces 
starkeyi, in deficient media (glucose alone) solubiize more mineral 
elements from clay minerals than in non deficient media (glucose + 
mineral salts) because larger amounts of glucuronic and volatile acids 
seamed to be produced [201. Mineral deficient media have promoted 
the development of microbial populations (bacteria and fungi from 
acid brown forest soil) that produced larger amounts of organic acids 
and solubiized much more mineral elements from a granitic sand 
(Table 5). Mineral deficient media can also promote element uptake 
[84] (Figure 5). 

Table 5 

Influence of deficiency on the microbial solubilization of elements from a granite 
sand after 69 days incubation in batch cultures. (Acidity in milliequivalents by 

culture flsk) 

Non-deficient medium Deficient medium 
(glucose alone) 

Microbial solubilization Si0 2 	6703 9133 
(pg/culture flask) Al2  03 	3383 7329 

Fe2  03 	580 8037 
MnO 	1239 1955 
MgO 	1764 1101 
CaO 	3134 5819 
K2 0 	135 71 

pH (non sterile) 3.0 2.9 
pH (sterile controls) 4.4 4.5 
Total microbial acidity 1.277 2.660 
Total volatile microbial 0.165 0.955 
acidity 
Fumaric microbial acidity 0 0 
Lactic and succ. micr. 0.094 0.282 
acidity 
Oxalic microbial acidity 0.054 0.275 
Citric microbial acidity 0 0 
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Antimicrobial compounds. Partial sterilizations by some anti-
microbial compounds (methyl parahydroxybenzoate, thymol, pine 
resin, lipids) have promoted the development of species that syn-
thesized larger amounts of complexing agents. So that, they promote 
the solubiization of mineral elements (Si, Al, Fe, Mn, Mg, Ca. K. Cu. 
U) from granitic rocks (Table 3) [24, 25, 40, 681. Berthelin et al. 
[82] have observed that microbial solubilization of uranium from 
syenite is multiplied by 8 when partial sterilization by thymol 
occurred. 

Particles size of -  rocks. Solubilization of mineral elements is a 
surface phenomenon but, there are few studies concerning the in-
fluence of particles size on microbial leaching. Henderson and Duff 
[47 ], Muller and Forster [83], Berthelin [20, 271 have observed a 
highest release of Si, Al, Fe, Mn, Mg, Ca, K from fine material than 
from coarse material in the following decreasing order "clay > silt > 
sand" in agreement with the geochemical considerations. 

Crystalline structure and nature of the minerals constituting the 
rocks. Among the mineral fractions of a diabase rocks (magnetite, 
pyroxene-amphibole, plagioclases), an A. niger solubiized much more 
iron from magnetite than from the pyroxene-amphibole fraction and 
much more silica from pyroxene-amphibole than from plagioclase 
[ 58 ]. 

The fungal solubiization of iron from the minerals forming a 
granodiorite (augite, hornblende, biotite, magnetite, hematite) is more 
important from biotite than from hornblende and generally much 
more from silicates than oxides [ 37]. But with ferric reducing bacteria, 
iron from oxides (hematite, goethite, lepidocrosite) was much more 
solubiized than iron from silicates (biotite) [26]. 

Studies concerning microbial weathering of granites and syenites 
have shown that ferromagnesian phyllosiicates (biotite, chlorite) 
were much more attacked than other constituting minerals [39, 40 ]. 

Silverman and Munoz [63] have observed that solubiization of 
titanium from different rocks by P. simplicissimum reached 80 % of 
Ti content of granite and followed the decreasing order: "granite> 
quartz ite> granodiorite> basalt". 

MICROORGANISMS AND CARBON SOURCES INVOLVED 

Considering the Table 1, fungi appear as the microorganisms used to 
a large extent in the studies concerning the leaching of elements from 
rocks. But the comparison of 20 strains of heterotrophic bacteria 
(Flavo bacterium, Pseudomonas, Bacillus, Serratia, A cetobacter, 
Lactobacills) and of 12 strains of fungi (Aspergillus, Pen icillium, 
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Lipomyces) have shown that a Pseudomonas sp. isolated after partial 
sterilization of an acid brown forest soil, solubiized actively alumi-
nium, iron and magnesium from a granite [ 20 ]. 

Most of the leaching studies of rocks were performed with nutrient 
media in which glucose or sucrose were the carbon and energetic 
sources. But starch and cellulose were used with success [20].  Micro- 
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Fig. 6. Comparison of two carbon sources (glucose 
and starch) on the microbial solubiization of Al, 
Fe, Mn, Mg from a granite sand (236 g) associated 
to a brown forest soil (85 g) during 3 months of 

percolation (1 - starch, 2 - glucose) 

bial solubiization of aluminium, iron, manganese and magnesium 
from columns of brown forest soil and granite sand was, in presence of 
starch, as efficient as in presence of glucose (Fig. 6). 

Raw plant materials were also used as carbon and energetic sources. 
Anaerobic decomposition of cocksfoot (Dactylis glomerata) or lucerne 
(Medicago sativa) has increased the solubiization of elements from 
oxides (Fe, Mn, Zn, Co, Ni, Mn, Pb, Mo) [80].  Iron from oxides, 
silicates and ferrallitic soils was solubiized during decomposition of 
aspen, birch, teak and niaouli leaves [54, 66, 81]. 

In perfusion devices, microbial decomposition of forest litters has 
promoted solubiization of elements from granite sand mainly in 
anaerobic conditions and essentially for iron, manganese, magnesium, 
calcium and silica [20, 261. 

Attempts to compare the global energetic cost of microbial solubii-
zation in different conditions of aeration and carbon sources, have 
shown, in presence of a granite sand, that the decomposition of a 
litter of graminaceous plant (Festuca sylvatica) has led to the lower 
global energetic cost but in anaerobic conditions. In aerobic 
conditions glucose has given the best results (Table 6). 
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Table 6 

Energetic global cost of the microbial leaching of a granite sand (50 g) associated 
to a brown forest soil (15 g) in presence of different carbon sources (glucose, 

forest litters) and different conditions of aeration 

Microorganisms + 1 kcal (plant materials or glucose) 
Solubilized mineral elements, mg 

I 	Aerobic conditions 	I Anaerobic conditions 

Glucose Festuca Calluna Festuca Calluna 

Si02  3.2 0 0 1.7 1.8 
A1 2 03  5.0 0 0 0 0 
Fe2 03  4.3 0 0 11.5 3.7 
MnO 1.4 0.6 0 10.8 8.9 
MgO 1.1 0.3 0 1.1 2.0 
CaO 1.4 1.9 0 11.5 0 
K2 0 0.1 1.2 0 14.9 0 

One considers that 1 kg of dry organic matter corresponds to 
4800 kcal and to 700 litres of CO 2 . 

CONCLUSION 

According to the literature, different studies have concerned the 
microbial leaching of metals from rocks (Table 1). A relatively more 
important number of references have considered the biodegradation of 
minerals forming the rocks but have not been discussed here, except 
for some comparisons and discussion with the microbial leaching of 
rocks. 

Most of these works, concerning rocks leaching, were performed in 
order to determine in soil ecosystems the pedogenetic, metallogenic 
and agronomic incidences of the microbial activity. Thio bacilli which 
are the autotrophic bacteria of economic importance for treating 
certain sulfide ores have not been extensively studied in leaching of 
elements from rocks. Some data concerned the implications of nitri-
fying bacteria 'and have shown that they can play a relatively impor- 
tant role in the biogeochemical cycles of certain elements (Ca, Mg) in 
some ecosystems such as brown acid forest soil [351. 

Microorganisms involved in these studies of leaching of rocks were 
essentially J.eterotrophs. Fungi (Table 1) in particulaf Aspergillus sp. 
and Penicillium sp. appear as efficient agents of solubiization of 
elements but some bacteria (e.g. Pseudomonas sp.) are also very active. 
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Extent .of microbial solubiization is often much more important 
in presence of mixed cultures or complex associations than in presence 
of pure strains involved in such processes [82].  So that microbial as-
sociation must be considered with interest for mutualistic or commen-
salistic effect. 

Different elements and essentially Si, Al, Fe, Mn, Mg, Ca, K, Ti, Li, 
U, Cu, Au, were significantly solubiized from different rocks. How-
ever most of these works have been done on granitic rocks. 

The main process actually studied in the leaching is the formation 
of acid compounds. Among them the most efficient will be the corn-
plexing or chelating compounds that form strong and stable organo-
metallic complexes or chelates. Other mechanisms as the formation 
of alkalis, the reduction of iron and manganese, the uptake of ele-
ments on or in the microbial cells were also studied but at a less extent. 
However they appear as interesting- processes for the mobilization of 
some elements. 

Factors such as antimicrobial compounds (partial sterilization), 
mineral and growth factors deficiency, seem able to promote the 
solubiization of some elements by modifying the development of the 
microbial population and by enhancing the formation of efficient 
metabolic compounds. Crystalline structure, nature of minerals, size 
of rocks particles must be also considered. 

Starch, cellulose, plant materials appear as possible and less expen-
sive sources of carbon and energy than glucose and sucrose. Perhaps 
microbial transformations of agricultural wastes could be used in order 
to produce strong chelating agents that could act separately or directly 
on rocks and thus leach elements with a high yield and at a moderate 
cost. 

It is also possible to consider that in the future some specific micro-
bial processes (production of specific chelating agents or specific metal 
uptake) will be used for mineral purification or metal concentrations 
particularly if the supplying in these metals becomes more difficult. 
But a better knowledge of these processes will be necessary to improve 
metal extraction. 

Actually, under an economic point of view, that considers mainly 
the cost of energetic sources, heterotrophic microorganisms cannot be 
used in leaching processes. But they must be considered with a great 
attention for their occurrence in soil formation and soil degradation 
processes, in soil fertility and plant nutrition, in the cycling of some 
elements and finally, under a geological point of view, in the super-
ficial mobilization and concentration of elements of economic impor. 
tance. 
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MICROFLORA OF ROCK AND ITS ROLE IN THE LEACHING OF 
SILICATE MINERALS 

Z.A. AVAKYAN 
Institute of Microbiology, USSR Academy of Sciences, Moscow 

INTRODUCTION 

Rock composed of silicate and aluminosiicate minerals makes up 
the main mass (some 95 %) of the earth's crust. Rock weathering 
occurs in the hypergenesis zone under the influence of physical, 
chemical, and biological factors. An essential role in the dissolution, 
migration, and redeposition of various elements making up the rock 
minerals, as well as in the formation of crusts of weathering, ore 
deposits and soils resultant from these processes is played by micro-
organisms. 

This paper considers the  ecology and geochemical activity of micro-
organisms of rock, the, action mechanism of the effect of micro-
organisms on silicate minerals and the possibility of using microorga-
nisms in the processing and dressing of silicate mineral raw material. 

THE MICROFLORA OF ROCK 

The studies of the spread of microorganisms in rock and of their 
geochemical activity have been boosted by the concept of S.N. Vino-
gradsky about microorganisms as being the main agents in the circula-
tion of matter in nature and by the theory of V.I. Wernadsky of the 
geological role of organisms [1, 21. 

Microbiological studies have been performed on freshly erupted 
magmatic rock, on massive-crystalline rock in connection with the 
primary processes of soil formation, on modern and ancient crusts 
of weathering and in some ore deposits. The results of the studies are 
summed up in Table 1. 

The first inhabitants on the lava of the Krakatoa volcano five years 
after the eruption were discovered to be cyanobacteria [5]. Lichen and 
cyanobacteria are considered by a number of authors as the most 
widespread organisms developing volcanic magmatic rock in various 
climatic zones of the world [6-8]. At the same time, the studies of 
microflora of rock before its colonization by lichen, carried out 
mainly by Soviet scientists, made it possible to discover various groups 
of autotrophic and heterotrophic microorganisms. 

N. Krasil'nikov studied the crusts of weathering of basalts, granite 
and tuffs in Armenia and discovered up to 2.5x10 6  cells per gramme 
of rock of oligonitrophiic microorganisms, chiefly asporogenic 
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bacteria and mycobacteria [9-11]. D. Novogrudsky came to the con-
clusion that in the earliest stages of weathering rock has a heterotro-
phic bacterial flora, mainly the Bacterium and Myco bacterium species 
[ 1 2]. 

A diverse microflora including nitrifying bacteria, cyanobacteria, 
green algae, heterotrophic bacteria and fungi has been discovered on 
rock in the Pamirs and the Tien Shan [13-19]. 

An analysis of the microflora taking part in the colonization of 
pyroclastic material of the Tyatya and the Tolbachik volcanoes has 
shown that the most widespread are chromogenic bacteria represen-
Ung the genera Micrococcus, Mycobactertuin, Fkwobacterwm, Arthro-
bacter, etc, which are marked by halotolerance, acid-resistance and an 
oligotrophic character of alimentation [3, 41. 

Fungi and heterotrophic bacteria were isolated out of weathered 
granite, gneiss and diorite and the dominant forms among them were 
those that do not produce spores. It has been shown that the more 
weathered the rock is, the more bacteria it has [ 18 ]. 

These studies have shown that microorganisms are present in dif-
ferent types of rock. But it doesn't seem possible to make any con-
clusions about the geochemical activity of the discovered microorga-
nisms, about the character of coenoses developing in various physical 
and chemical conditions at different stages of weathering and about 
the regularity of the change ofthe forms of microorganisms, since the 
quantitative account of different groups of microorganisms was in-
complete and the determination of their specific composition has not 
yet been carried out in full. 

Table 1 
Microorganisms of rock 

Rock Microorganisms Reference 

Magmatic volcanic rock: 
volcanic ashes Chromogenic nonaporulating 3,4 
(Kunashir Island) bacteria, corynebacteria 
cold lava Cyanobacteria, lichen 5,6 
(HaWaIIan Islands) 
zones of weathering of Oligotrophic bacteria, 9-11 
basalt, tuff and granite mycobacteria, lichen 
(Armenia) 
weatherable rock of Bacterium sp., 
nival, mountaIn-meadow 12 
and mountain-forest 
belts of the Pamirs and Mycobacterium sp. 
Tien Shan prior to 
lichen colonization 
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Table 1, continued 
Rock 	I 	Microorganisms 	IReference 

after lichen colonization Cyanobacteria, nitrifying 
bacteria, green algae, 
sporulating and nonsporu- 
lating heterotrophic bacteria, 
mycobacteria, fungi 

zones of weathering of Algae, oligonitrophilic and 
nepheline syenites and ammonifying heterotrophic 
granite (Khibiny) bacteria, fungi, actinomycetes 
granite, diorite and Heterotrophic bacteria, 
gneiss of different fungi, actinomycetes 
stages of weathering 
(Northern Scotland) 
zones of desert weather- Cyanobacteria, fung 
ing: crusts of desert Metallogenium symbioticum 
varnish on granite, ba- 
salt and quartz gravel 
crusts of desert varnish Fungi, Metallogenium 
on magmatic rock symbioticum, Pedomicrobium 
(California) sp. 
crusts of desert varnish Fungi, heterotrophic bacteria 
on magmatic rock oxidizing iron and manganese, 

Arthrobacter sp., Pedomicrobium 
sp. 

Crusts of weathering and 
ore deposits: 

crusts of weathering of Nitrifying bacteria of 1-st and 
ultrabasites of the 2-nd stages, thionic bacteria, 
Central Urals and Cuba heterotrophic bacteria 
crust of weathering of T. ferrooxidans, T. thiooxidans, 
Mesozoic-Cenozoic coaly heterotrophic bacteria, non- 
shales (East-Siberian sporulating species predominate 
platform, Tomsk) 
zone of weathering of Nitrifying bacteria, thionic 
pegmatite, coaly-aleu- bacteria, fungi, nitrogen- 
route shales and spo- fixing and oligonitrophilic 
dumene on a spodumene bacteria, sulfate-reducing 
deposit (Eastern Siberia) bacteria 
laterit.e bauxites Hyphomicrobium sp., 
(Hawaiian Islands) Metallogenium sp., 

Siderocapsa sp., 
Penicillium sp. 

zone of weathering Heterotrophic bacteria, 
of nephetine-syenites yeast 
(Africa) 

13-19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 
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Tcbk' 1, continued 

Rock 
	

Microorganisms 	Reference 

Sedimentary rock: 
silificated limestones Nitrifying bacteria, thionic 30,31 
(Central and Lower bacteria, spore-forming and 
Tatras, Alps) asporogenic heterotrophic 

bacteria, Arthrobacter sp., 
oligonitrophiles, fungi 

Complex research, involving the study of the microorganisms' 
composition along with the determination in model experiments of 
the geochemical activity of the isolated cultures, has been carried out 
on a spodumene deposit, on the crusts of weathering of ultrabasites 
and while determining the mechanism of the development of the 
desert varnish. 

The analysis of the microflora on a spodumene deposit was con-
ducted on areas exposed as a result of mining. The results of the 
microbiojogical research are given in Table 2. An analysis of the results 
enables us to make the following conclusions. Destroyed samples of 
spodumene and enclosed rock represent a wide spectrum of 
autotrophic and heterotrophic microorganisms. The diversity and 
number of microorganisms rise with the extent of destruction of the 
samples. Preserved spodumene and mine water contain nitrifying 
bacteria Nitrobacter sp. and Nitrosomonas sp. Thionic bacteria of the 
T. thioparus and T. thiooxidans type are found in samples which had 
undergone degradation and in mine water. T. ferrooxidans develops 
in areas with pyritized shales with pH 3.0 and lower. Sulphur-reducing 
bacteria are chiefly found in underground water. In the case of solid 
rock only a few samples of destroyed spodumene indicated the presen-
ce of this group of bacteria. 

A quantitative account of different groups of microorganisms has 
shown the dominating role of heterotrophic nonsporulating bacteria, 
whose number in ores and rock is ---10 7  cells per gramine of 
sample. The number of autotrophic bacteria normally did not exceed 
103--104 cells per gramme of sample. 

The most widespread in the deposit are heterotrophic bacteria of 
the genera Arthrobacter (A. globiformys, A. pascens A. simplex, as 
well as Nocardia sp. and Pseudomonas sp.). Fungi and yeast were 
isolated from samples of destroyed rock with a low pH value. A study 
of the physiology of heterotrophic microorganisms isolated from the 
deposit has shown that the dominating species are capable of deve-
loping in media with a low concentration of organic matter and that 
they make use a wide range of organic compounds: low-molecular 
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organic alcohols and acids, humic acids and hydrocarbons and phenol. 
A specific feature of the isolated microorganisms is their ability to 
grow on media with a low nitrogen concentration. These data speak 
for the fact that in conditions of the examined deposit the activity of 
heterotrophic microflora is supported chiefly at the cost of organic 
matter of enclosed rock and mine water. A certain role is also played 
by autotrophic and heterotrophic fixation of CO 2 . 

Experiments involving carbon-labelled phenol, acetate, and bicar-
bonate (Table 3) have made it possible to determine microorganisms' 
activity directly in various samples. The most active is the flora of 
partly destroyed spodumene and of shales. 

When inoculating samples selected at the deposit onto mineral 
media containing quantities of spodumene, pegmatite or shale 
(S: L = 1: 20) the development was observed of Arthrobacter sp. 
and Nocardia sp. which, as the medium grew increasingly acid, were 
replaced by fungi. Thus, it was confirmed that arthrobacteria and 
nocardiabacteria on a spodumene deposit are not some incidental 
forms and that they are capable of developing in oligotrophic con-
ditions. 

Table 3 
Radioactivity of cells of microorganisms in rock during incubation with 

carbon-labelled compounds 

Samples pH Radioactivity of cells on different 
substrata, imp 1mm/i g of sample 

phenol acetate CO 2  

Preserved spodumene 5.4 0 550 - 

300 - 

Partly destroyed spodumene 6.1 14000 0 - 

20800 0 - 

Destroyed spodumene 6.4 790 200 - 

1100 200 - 

Destroyed pegmatite 6.8 700 8000 1600 
800 - - 

Shale with pegmatite 4.9 2300 6400 650 
1600 9700 500 

Destroyed shale 7.0 800 10300 - 

- 8000 1600 

Note. Symbol "-" means that measurements were not carried out. 
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A peculiar coenosis of microorganisms has been found in crusts 
of desert varnish. Desert varnish is a fine film of products of 
weathering, covering rock in and regions. The film consists of hydrous 
manganous and ferric oxides as well as argillaceous minerals which 
are products of weathering. 

A number of researchers have studied the microflora of the crusts 
of desert varnish and with the help of the isolated microorganisms 
have experimentally proved the biogenic origin of these formations. 

Krumbein and Jens [22] isolated from the crusts of desert varnish, 
developed on the surface of various rocks, cyanobacteria, microorga-
nisms oxidizing iron and manganese, in particular Metallogeniurn sym-
bioticum, and fungi. 

Dorn and Oberlander [23] have suggested that the crusts of desert 
varnish developing on rocks in and regions are of the same origin as 
the crusts of weathering on the rock surface in other climatic zones, 
and that they are of one and the same biogenic origin. In samples of 
weather varnish they found cultures of bacteria similar to Metalloge-
nium sp. and Pedomicrobium sp. 

The specific composition of the coenosis typical of crusts of 
weathering, can vary. Taylor-George et al. [241 studying the microflora 
of desert varnish in the same regions as the previous authors, have 
shown that the coenosis consists of fungi developing in the form of 
microcolonies on rock surface and of bacteria oxidizing iron and 
manganese. They failed to find a culture of the Metallogenium type. 
Using the isolated cultures, these authors have experimentally 
succeeded in making a desert varnish on the surface of unweathered 
rock, by inoculating it with a mixture of fungi and bacteria. 

The studies carried out indicate that the microflora of the crusts of 
weathering is an example of a microbe ecosystem adapting to extreme 
conditions of survival in conditions of low water activity, low con-
centrations of organic matter and high solar radiation. 

The qualitative and quantitative composition of the rock's micro-
flora and its activity is governed by a number of physical and chemical 
factors, among them the humidity and jointing of the rock, the pH 
and Eh of rock and pore solutions, the chemical content of rock, 
temperature and the availability of sources of energy and constructi-
ve metabolism. Microorganisms developing in rock receive elements 
of mineral nutrition from this rock. That is why it is necessary to 
estimate the availability of substrates for constructive and energy 
metabolism. 

The wide incidence of nitrifying bacteria in the crusts of weathering 
of ultrabasites in different climatic zones indicates that the develop-
ment of a group of microorganisms in rock is determined by the 
presence of favourable physical and chemical conditions and substra-
tes for constructive and energy metabolism. Bacteria have been found 
in nickeliferous crusts of weathering, performing the first and second 
stages of nitrification. Their population amounts to 2.5 x 106  cells per 
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gramme of sample. The presence in rock of substantial concentrations 
of calcium and magnesium, which neutralize the nitrous and nitric 
acids formed by microorganisms, is conducive to the activity of nitri-
ficators in the rock of the given type [ 25 ]. 

As an energy substrate nitrifying bacteria use an ion of ammonium, 
oxidizing it to nitrous acid (the first stage of nitrification) and then 
nitrous to nitric acid (the second stage of nitrification). Substantial 
amounts of nitrogen are found in rocks of various types, mostly in the 
form of an ion of ammonium which is part of a number of widespread 
aluminosiicate minerals, where it replaces the K + ion. It has now been 
experimentally shown that nitrifying bacteria can use the ammonium 
of silicate minerals [32]. 

There are published data on the use of rock nitrogen in constructive 
metabolism by oligonitrophiic microorganisms [33, 34].  The suppliers 
of nitrogen in coenoses developing on rock are nitrogen-fixing cyano-
bacteria and heterotrophic bacteria discovered in various types of 
rock (Table 1). 

For the development of thionic bacteria reduced compounds of 
sulphur are necessary as an energy substrate. According to some 
researchers [35, 361, suiphide minerals, chiefly pyrite, are found in 
rock of different types and their concentration varies from 2 to 40 kg 
per t. The presence of suiphide mineralization determines the develop-
ment of thionic bacteria in coaly-aleurolite shales and pegmatites 
contacting with them [27].  The development of thionic bacteria is 
also observed in the crusts of weathering of ultrabasic rock with an 
embedded suiphide mineralization [25], as well as in sedimentary rock. 
characterized by a karst structure [30, 311. 

As it has already been shown, heterotrophic microorganisms using 
organic compounds as an energy and constructive substrate, are a 
constant component of rock coenoses. This requires the solution to 
the problem of the resources for their existence in the oligotrophic 
conditions of the initial stage of rock destruction. However, allowance 
should be made for the ability of the bacteria to reproduce on media 
with low concentrations of organic compounds [37]. Investigation 
disclosed that bacteria of oligotrophic water bodies possess such abili-
ty. The ability of heterotrophic bacteria and fungi isolated from rock 
to develop on media without a source of carbon in the presence of 
ground rock has been shown by a number of authors [13, 23, 27 ]. 

According to geochemical data, dispersed organic matter is present 
in volcanic ash [38], and in rock subjected to thermal metamorphism 
[39, 40 ]. 

The suppliers of organic matter can be autotrophic bacteria and 
microscopic algae, developing on rock. 

Microorganisms develop on rock and minerals in close contact 
with hard surface. The character of the interaction of microorganisms 
with rock and minerals has yet been studied poo:rly. Basalts have been 
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observed to be selectively covered with lichen and no growth was 
discovered on tuff [9, 10 1. Lichen was found on minerals and areas 
of rock characterized by an increased content of Ca and Mg [47]. 

It has been determined that species of microflora developing on 
rap pakivi granite are more diversified than those growing on other 
rocks [41]. As to mineral media without organic compounds, rod-
shaped bacteria develop on the surface of feldspars, while fungi grow 
on syderite and muscovite [42]. 

On the surface of quartz sand particles in the littoral region of the 
Baltic Sea microorganisms are found in separate colonies consisting 
of 5-150 cells. Most microorganisms live in hollows and tiny cracks 
[431. The character of the colonization of minerals by microorganisms 
depends not only on the surface's topography but also on the nature 
of a mineral. Thus, the number of microorganisms on the surface 
of hornblende particles is greater than in deeper layers; with the 
distribution of microorganisms on biotite particles it is the other way 
round [44]. 

Bacteria isolated from sandstone retained their ability to be ad-
sorbed on the surface of crystals of synthetic quartz [ 45 ]. 

THE GEOCHEMICAL ACTIVITY OF THE MICROFLORA OF ROCK 

The geochemical activity of microorganisms in silicate rock was 
studied chiefly in connection wih the process of soil formation on 
massive-crystalline rock. The behaviour of microorganisms in crusts 
of weathering and ore deposits has been studied inadequately. The 
data available are summarized in Table 4. 

Nitrifying and thionic bacteria are considered by a number of 
authors as agents enhancing the development of the processes of 
karst formation [25, 30, 311. 

Nitrifying bacteria are actively involved in the weathering of ser-
pentinous ultrabasites in various climatic zones. The nitrous and nitric 
acids which they form through the oxidization of ammonium of 
rock, are conducive to the release of calcium, magnesium and silica 
resulting in the enrichment of the mentioned zones of weathering with 
nickel and the formation of nickeliferous crusts of weathering [ 25 ]. 

Sulphide mineralization of rock and an appropriate oxidative - 
reducing environment is a major factor in the development in rock of 
thionic bacteria [25, 26, 27, 30, 31],  which is accompanied by the 
production of sulphuric acid. Sulphuric acid is one of the factors 
affecting rock minerals and quickening their weathering. 

Spodumene weathering in the hypergenesis zone is accompanied 
by the release of alkaline elements and the formation of the argilla- 
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ceous minerals, montmorillonite and kaolinite [27]. In alkaline and 
neutral media, the spodumene disintegrates with the formation of 
montm orilonite: 

2LiAlSi 2 06  +2H2 O- Al2 [Si4010](OH)2  +2LiOH 

In acid medium the latter is converted to kaolinite: 

2AI [Si4 0 10 ] (OH) 2  + 2LiOH + 5H 2 0 + CO2  

A14  [Si4 0 10 1 (OH) 2  + Li2  CO 3  + 4H2 SiO 3  

In the process of sulphate weathering the spodumene is converted to 
kaolinite: 

4LiA1Si2 06  + 6H2 0 + 2H2  SO4  - 2Li2  SO4  + A14  [Si4 010 ] (OH) 8  + 
+H2 5iO3  

The microorganisms of the pegmatite deposit in Western Siberia 
apparently enhance the process of weathering of spodumene and 
enclosing rock, accelerating the release of cations and the formation of 
argillaceous minerals [46}. It has been experimentally determined 
that cultures of fungi (isolated from a spodurnene deposit) increase 
the release of lithium, iron, aluminium and siicium from spodumene, 
pegmatite and shales [47]. The development of thionic bacteria in 
pyritization zones leads to a decrease in rock and mine water pH and 
creates conditions favourable for the formation of kaolinite as a final 
product of weathering of spodumene [27]. 

In the process of rock and mineral destruction new minerals are 
formed and microorganisms can participate in the process. A graphic 
example of the close link between the processes of weathering and the 
processes of the formation of new minerals are biogenic crusts of 
weathering and crusts of desert varnish. The coenosis of microorga-
nisms, which includes species of fungi and bacteria oxidizing iron and 
manganese, degrades minerals of the mother rock. The process is 
accompanied by the formation of hydrous ferric and manganous 
oxides and of argillaceous minerals [22-24]. 

Aristovskaya showed the ability of fungi and Metallogenium sp., 
isolated from samples of Hawaiian bauxite, to accumulate on the 
surface of cells aluminium, which they extract from aluminoorganic 
compounds during the mineralization of the latter. Thus, certain 
microorganisms, whose fossilized remains are found in samples of 
bauxites of different origin L281, apparently participate in the for-
mation of minerals of aluminium hydroxide and in their concentration. 
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THE MECHANISMS OF MINERALS DESTRUCTION BY MICROORGANISMS 

Specific features of the destruction of silicate minerals and the 
mechanism of these processes are largely determined by the nature of 
the minerals and the nature of the microorganisms and their metabo-
lites affecting these minerals. 

Table 4 

The geochemical behaviour of bacteria in rock 

Rock Biogeochemical processes Reference 

Crust of weattiering of Pyrite oxidization, formation of 26 
Mesozoic-Cenozoic sulphuric acid, shale degradation, 
shales (East-Siberian formation of argillaceous minerals 
platform) 
Crusts of weathering Ammonium oxidization, formation 25 
of ultrabasites of nitric acid, leaching of calcium, 
(Central Urals, Cuba) magnesium, silicium, serpentinite 

degradation, formation of nontro- 
nite and ochres 

Contact-karst crusts Pyrite oxidization, formation of 25 
of weathering sulphuric acid, leaching of calcium, 
(Central Urals) magnesium, karst formation 
Zone of weathering of Pyrite oxidization, formation of 27 
coaly-aleurolite shales sulphuric acid, shale degradation 
(Eastern Siberia) 
Zone of weathering of Oxidization of ammonium and 27 
spodumene and pyrite, formation of nitric and 
pegmatites (Eastern sulphuric acids, oxidization of 
Siberia) organic compounds, complexa- 

tion, leaching of lithium, alu- 
minium, iron and silicium, 
formation of argillaceous 
minerals 

Sedimentary rock Ammonium and pyrite oxidiza- 30,31 
(Tatra mts., Alps) tion, formation of nitric and 

sulphuric acids, oxidization of 
organic compounds, degradation 
of carbonates, aluminosilicates, 
karst formation 

The data obtained during experimental investigations by various 
researchers of the degradation of silicate and aluminosilicate minerals 
under the effect of microorganisms, are summarized in Table 5. 
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Table 5 

The destruction of silicate minerals by microorganisms 

Minerals Microorganisms Active metabolites References 

Nesosilicates 
Datolite Pseudomonas sp. 2-ketogluconic acid 48 
Olivine Fungi Organic acids 49 
Inosiicates 
Augite, bustamite, Heterotrophic 2-ketogluconic acid 48 
diopside, enstatite, bacteria 
hypersthene, pectolite, 
rhodonite, wollastonite 
Spodumene Fungi Organic acids 47 

B. mucilaginosus Organic acids, 46 
exopolysaccharides 

Phyllosiicates 
Apophyllite Fungi Organic acids 49 
Biotite Heterotrophic Organic acids 41, 51, 52 

bacteria 
T. thiooxidans Sulphuric acid 
B. mucilaginosus Organic acids 50, 53-55 
B. rnucilaginosus, Organic acids 56 
B. megaterium 
Az. chroococcum, Mucous matter 57 
Bacterium sp. 

Kaolinite B. mucilagenosus Exopolysaccharides 58 
Nacrite Diatom algae Exopolysaccharides 59 

Bentonite Mycobacterium sp. Metabolite complex 55 
Muscovite B. mucilaginosus Organic acids, 54, 60, 61 

exopolysaccharides 
Heterotrophic 2-ketogluconic 48 
bacteria acid 
Fungi Organic acids 49, 53 9 62 

Phlogopite Heterotrophic 2-ketogluconic acid 48 
bacteria 
Fungi Organic acids 49,62 
B. mucilaginosus Organic acids, 54 

exopolysaccharides 
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Table 5, continued 

Minerals 	Microorganisms J~Active metabolites References 

Heterotrophic 
bacteria 
Fungi 
Heterotrophic 
bacteria 
Nitrosomonas sp., 
Nitrobacter sp. 
Erwinia sp., 
Bacillus sp., 
Pseudornonas sp. 
Fungi 

B. rnudllaginosus, 
B. oligonitrophilus, 
B. salivarius 
Heterotrophic 
bacteria 
Fungi 
Thionic bacteria 
Heterotrophic 
bacteria 
Scopulariopsis 
breyicaule, 
Penicillium 
expansurn, 
Aspergillus niger 
A. niger, 
Bacillus sp. 
Mycobacteriurn sp. 120 
Heterotrophic 
bacteria 
Fungi 
Mycobacterium sp. 

Penicilliurn nota turn 
Fungi 
Heterotrophic 
bacteria 
Thionic bacteria 
Aspergillus sp. 
enicillium sp. 

Saponite 

Serpentine 

Talc, vermiculite 

Tectosilicates 
Albite 

Feldspar 

Heulandite 
Leucite 

Microcline 

Natrolite 

Nepheline 

Oligoclase 

2-ketogluconic 	48 
acid 
Organic acids 	49 
Organic acids 	25,48 

HNO 2 	 25 
HNO 3  
2-ketogluconic acid 

	
48 

Organic acids 	49 

Organic acids 	61 

52,63 

Organic acids 	49 
H 2  SO4 	 51 
Organic acids 	41,52 

Organic acids 	64 

Organic acids 	51,65 
57 
55 

Organic acids 	48 

Organic acids 	49 
Alkalifying of 
	

66 
medium 
Organic acids 	 67 
Organic acids 	49 
2-ketogluconic acid 

	
48 

H 2  SO4 	 41 
Organic acids 	65 
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Table 5, continued 

Minerals Microorganisms Active metabolites References 

Orthoclase Heterotrophic 2-ketogluconic 48 
bacteria acid 
Aspergillus niger Oxalic acid 69 

Plagioclase Pseudomonas sp. Organic acids, 67 
mucous matter 

Quartz Sarcina ureae Alkalifying of 68 
medium 

Photosynthesizing Change in pH of 70 
microorganisms medium 
Proteus mirabilis Exempted from test 71 
B. mucilaginosus Exempted from test 72 

There are known to exist about 500 species of silicate and alumino-
silicate minerals. 

According to the type of crystalline structure, which forms the 
basis of silicate minerals, they fall into the following main groups: 
nesosilicates (separate silico-oxygenous tetrahedrons are linked 
together through cations of metals), inosiicates (formed by single or 
double chains of silico-oxygenous tetrahedrons linked together in the 
chain through a siloxane bond), phyllosiicates (two-dimensional 
structures of silico-oxygenous tetrahedrons linked with each other), 
tectosilicates (three-dimensional structures formed by siico-oxy-
genous tetrahedrons linked together through atoms of oxygen). In 
aluminosiicate minerals part of the silico-oxygenous tetrahedrons in 
the crystalline structure are replaced by alumino-oxygenous tetrahed-
rons. Hence, in aluminosilicates along with a sioxane bond (Si-O-Si) 
there is an alumino-oxygenous bond (Al-O-Si), which is weaker than 
a sioxane bond [72, 731. 

According to state of the art concept, chemical weathering of 
silicate minerals leads to the destruction of their crystalline structue 
through the reaction of hydrolysis, which involves the ions H, OH 
H3 0+.  In its general form the process of the destruction of heteroge-
neous (in composition) silicate and aluminosiicate minerals is descri-
bed in Equation 1. 

M mineral + HOH - H mineral + MOH 	(1) 

where: M+  mineral is the original mineral, H+  mineral is the 
weathered mineral, and M+  are cations of metals that are 
present in the mineral [74]. 



All the processes affecting the concentration and state of reacting 
compounds and products of reaction will affect the rate of the 
weathering processes. 

The action mechanisms of chemical weathering of silicate rock and 
minerals under the influence of various chemical compounds, among 
them organic and mineral acids, are considered in a number of reviews 
and monographs [73-78]. 

The data presented in Table 5 indicate that various microorganisms 
relating to different systematic groups participate in the degradation 
of the basic types of silicate minerals, thus stimulating the release of 
metal cations and the destruction of the sioxane and alumino-oxy-
genous bonds which constitute the basis of the crystalline structure 
of these minerals. 

Microorganisms-producers of mineral and orgaiic acids affect 
minerals, thus increasing the concentration of ions H in the medium, 
which, according to Equation 1, activates the reaction of hydrolysis 
and the release of metal cations [32, 46, 47,.52, 67, 68 et al.]. 

A sioxane bond is broken under the impact of biogenic processes 
of alkali formation. Aristovskaya et al. observed an increased release 
of silicon from quartz as a result of the alkalification of the medium 
brought about through the development of Sarcina ureae [68]. The 
activity of photosynthesizing microorganisms can also accelerate the 
degradation of quartz, since the pH of the medium rises with the 
absorption by cells of CO 2 [70].  In the cultures of these organisms 
in the absence of illumination, the photosynthetic assimilation of CO2  
ceases and the pH starts to change towards acid values unfavourable 
for the degradation of a sioxane bond. 

Metabolites of microorganisms - amino acids, di- and tricarboxiic 
acids, oxyacids and other compounds - participate in the destruction 
of silicate rock and minerals, forming soluble complexes with cations 
of metals and elements that make up the crystalline structure of the 
minerals. The role played by the processes of complexation in weá-
theringwas noted by Schatz and other authors [79-82]. 

Strong soluble complexes of the chejte type, during the weathering 
of silicates, form lichen acids [79-81], oxyacids of bacterial origin 
[48]; organic complexes with Fe, Al, Ca, Mg are formed as a result of 
the effect of bacteria on muscovite [55, 61]. Fungi - producers of or-
ganic acids - are active weathering agents. Organic acids formed by 
fungi have been discovered to form complexes with Fe 2-5 times 
faiter than lichen acids do [ 83 ]. 

The release of Li, Si, Al and Fe from spodumene, pegmatites and 
shales increased by 1.4-1.7, 2.7-4, 5-8.7, 4-18 times respectively, 
under the impact of organic acids formed by a mixed culture of fungi 

In the process of weathering through complexatlon, the order of 
the release of elements and their concentrations in solution depend 
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on the nature of the mineral, the nature of the elements and the 
nature of the complexing agent. 

Organic acids affect the order in which the elements are released 
from argillaceous minerals, as well as the ratio of Si solubiized to Al 
and Fe in the solution [84]. The weathering of argillaceous minerals 
grew with the increase in the complexation capacity of the organic 
acids used [85].  Being the most active of organic acid, citric acid 
releases Al and Ca from Ca-plagioclase [ 86 ]. 

A study of the IR-spectra of humic acids and fulvoacids after their 
interaction with argillaceous minerals has shown that the above men-
tioned compounds form strong complexes with Si and Al [ 87 ]. 

The formation of strong complexes of organic compounds and 
elements occurring in minerals stimulates the progress of hydrolysis 
of minerals and the migration of released elements in the form of 
soluble compounds. The available data on the formation of siico-
organic complexes indicate that the processes of complexation may 
play a role in the breaking of the sioxane bond in silicates [88, 891. 

Microorganisms can activate the processes of mineral degradation, 
accumulating in the cells and consequently releasing from reactive 
medium the products of hydrolysis - cations of metals, in particular 
those which they use as elementi of mineral nutrition. It has been 
shown that in the course of its growth on medium containing biotite, 
muscovite and microcline, A. niger accumulated K in the mycelium 
[53], releasing it from the nutrient medium and shifting the balance 
of Reaction 1 towards the dissolution and release of K. A similar 
effect was produced during the action of A. niger Qfl the minerals 
orthoclase and oligoclase [65]. 

The importance of the defects and imperfections in the crystalline 
structure of minerals and of the degree of sample crystallinity during 
the bacterial degradation of silicates has been noted by Yakhontova 
et al. [72].  Like under sterile chemical weathering [73], the destruction 
of minerals under the impact of microorganisms progresses more 
intensively when there are defects in the crystalline structure [72]. 

One of the possible mechanisms of microorganisms' activity is 
oxidation of elements with a variable valency, occurring in silicate 
rock and minerals [78, 90 ]. 

By degrading the silicate minerals making up the rock, microorga-
nisms accelerate the release of uranium [91, 921 and titanium [93] 
from rock containing these elements. 

The ability of heterotrophic bacteria B. mucilaginosus to degrade 
silicate and aluminosiicate minerals and to solubiize silicon has been 
used to develop a technological scheme for the dressing of low-grade 
bauxites [94, 951. 

The resistance of silicate minerals to chemical weathering has been 
found to increase from nesosiicates to tectosiicates [73, 74, 961. 
Since the tests were conducted under varied conditions and different 
organisms were used, the data obtained by various researchers (Table 5) 
when studying the microbiological degradation of silicate minerals, 
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are difficult to compare in their quantitative aspect. Nevertheless, 
one common feature is the intensification of the processes of mineral 
degradation in the presence of microorganisms, as opposed to sterile 
weathering in the same conditions. As to the resistance of some groups 
of minerals to the effect of microorganisms, the general trend persists, 
i.e. the resistance increases with the complication of the crystalline 
structure of the minerals [781. 

CONCLUSION 

The observed selectivity in the effect of heterotrophic microorga-
nisms, determined both by the nature of the metabolites they form 
and by the chemical composition and crystalline structure of rock and 
minerals subjected to microbiological degradation, served as a basis 
in the development of technological schemes for the dressing of low-
grade bauxites [94, 951; a microbiological method has been worked 
out to leach gold using heterotrophic microorganisms [97, 98]; it has 
been shown that fungi and heterotrophic bacteria can be used to de-
iron kaolin, quartz sand and to extract aluminium from clays [99]. 

Thus the following trends can be singled out in the utilization of 
heterotrophic microorganisms in the processing of silicate raw mate-
rials: dressing of low-grade ores; solubiization and accumulation of 
precious elements, among them rare, scattered and radioactive ele-
ments. These processes will make it possible to process low-grade ores, 
mining dumps, etc. Since heterotrophic microorganisms demand or-
ganic matter, the question of obtaining cheap sources of such matter is 
in order. 

A study into the effect of various groups of-microorganisms on 
silicate rock and minerals, the determination of the nature of the 
on silicate rock and minerals, the determination of the nature of the 
activity by different species and the metabolites they form, the deve-
lopment of active cultures and associations of microorganisms will all 
facilitate the solution of the technological aspects of the problem of 
microorganisms' utilization in the processing of silicate minerals and 
will make possible the processing of low-grade ores. It will also raise 
the efficiency of the traditional methods of silicate ore processing 
and, in the long run, will stimulate the expansion of the mineral raw 
material base. 
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INTRODUCTION 

The mechanism of bacterial oxidation of suiphide minerals is rather 
complicated and until now has not been studied at sufficient length. 
Although there exist different views on the matter, they fail to en-
compass the entire diversity of the processes going on when living 
organisms interact with a solid inorganic substrate. Nevertheless, 
interaction between bacterial cells and mineral particles constitutes 
a fundamental issue in the theory and technology of suiphide mineral 
leaching. A study of the interaction between microorganisms and 
the surface of minerals is essential for the understanding of the mecha-
rnsm of their oxidation and for the intensification of the leaching 
process. 

DESTRUCTION OF THE CRYSTALLINE STRUCTURE 

OF SULPHIDE MINERALS 

T. ferrooxidans are known to oxidize suiphide minerals to wMer-so-
luble suiphates either directly of indirectly [1, 21.  In the case of direct 
oxidation, the destruction of suiphide mineral lattice is aided by 
enzyme systems of bacteria. Indirect oxidation of suiphide minerals 
is assisted by ferric iron, a product of ferrous iron and iron-containing 
suiphide minerals oxidized by bacteria. 

For example, let us consider the chemistry of pyrite biological 
oxidation proceeding via the most probable reaction: 

4FeS2  + 1502  + 2H2 0 2Fe2 (SO4 ) 3  + 2H2  SO4 	(1) 
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The above reaction illustrates the direct bacterial oxidation of 
pyrite. The resultant ferric sulphate, in turn, oxidizes pyrite, forming 
ferrous sulphate and elemental sulphur: 

FeS 2  + 7Fe2  (SO4  ) + 8H 2  0 - 15FeSO4  + 8H 2  s04. 	(2) 

FeS 2  + Fe2  (SO4  ) - 3FeSO4  + 2S 	 (3) 

Ferrous iron and sulphur undergo bacterial oxidation: 

4FeSO4  + 02 + 2H2  SO4  - 2Fe2  (SO4  ) + 2H2  0 	(4) 

2S+ 30 2  +2H2 O-2H2 504 	 (5) 

This way of pyrite oxidation is regarded as the indirect one. T" e 
direct mechanism of suiphide mineral oxidation by bacteria, when the 
minerals contain no iron, has been proved in the case of chalcocite 
(Cu T S) oxidation [3].  Here, Cu' and 82-  are oxidized by enzymes to 
Cu 2  , and S°  and SOC, respectively. What is not clear, however, is 
the mechanism underlying the phenomena occurring when bacterial 
cells and the surface of a suiphide mineral interact, nor the mechanism 
of suiphide mineral lattice destruction. 

The first stage of T. ferrooxidans' and other bacteria's interaction 
with a suiphide mineral consists in their adsorption on the surface, 
whereupon the substrate being oxidized is attacked biochemically. 

Microorganisms are adsorbed on the surface of minerals owing to 
such properties of cells as stickiness, adhesiveness, etc. The true 
background of this phenomenon is not clear yet. Krishnamurti and 
Sowan 141 investigated the problem and found the adsorption of 
microorganisms to be similar to that of coiloids. They obtained an 
S-shaped isotherm of microorganism adsorption which does not 
contradict the adsorption equation of Krishnamurti deduced for the 
adsorption of molecules and ions. The adsorptive character of this 
phenomenon is further proved by the growing number of adsorbed 
microorganisms as the temperature decreases. 

Several hypotheses have been advanced regarding the origins of 
adsorption forces. Some researchers [5, 61 tend to emphasize electro-
static forces, claiming that adsorption is an interaction of two surfaces 
carrying opposite charges. However, in the case of microorganism 
adsorption, it is mostly negatively charged surfaces that interact. 
Notwithstanding the aggregate negative charge, some areas of the 
cells may carry a positive charge in view of the high heterogeneity of 
their surface, which also features complex formations of proteins, 
lipids and polysaccharides, along with hydrophiic and hydrophobic 
areas and diverse functional groups. These are important not only 
for bacterial adhesion to the substrate being oxidized but also for the 
formation of complexes with the lattice ions. 
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Thus, bacterial leaching of metals from suiphide minerals may be 
said to involve a process of bacterial adsorption on the mineral surface 
conditioned both physically, by the forces of molecular interaction, 
and chemically, by the formation of chemical bond between the cell, 
and its surface formations, and the elements of the mineral's lattice. 

A study of the mineral surface and of the chemistry of oxidation 
processes helps to better understand the mechanism of bacterial-
chemical oxidation of sulphide minerals. 

We conducted an X-ray study of an arsenopyrite sample before and 
after bacterial oxidation. The sample's lattice parameters were found 
to be in full conformity with standard values. Chemical oxidation of 
arsenopyrite with ferric sulphate leads to the formation of goethite 
or hydro-goethite (HFe02 ; HFe02  . nH 0) accounting for 30-40 % 
of all surface compounds. After chemical oxidation the surface of 
arsenopyrite features up to 10 % elemental sulphur of rhombic 
syngony. Goethite is a product of ferric hydrate conversion to a more 
stable condition. 

In the case of arsenopyrite bacterial oxidation, its surface also 
contains goethite (appr. 30 %), but the quantity of elemental sulphur 
is much greater, reaching 50 %. 

X-ray diffraction patterns of solid products formed after bacterial 
oxidation of arsenopyrite and sphalerite, and isolated from the 
solution, show that their lattices are absolutely identical, although 
they differ from the standard modifications of elemental sulphur. 
The lattice parameters of such sulphur are similar to those of the 
sulphur taken from a polished section of arsenopyrite specimen which 
had been subjected to bacterial oxidation. 

The results of chemical analysis of arsenopyrite oxidation pro-
ducts also indicate that they essentially consist of elemental sulphur. 

The fact that such reactions do take place when chalcopyrite and 
chalcocite are being oxidized in an iron chloride solution, is men-
tioned by a number of researchers [7, 81, all of them noting the forma-
tion of elemental sulphur on the mineral surface. Thus, the interaction 
of microorganisms with the mineral surface, when in direct contact, 
is above all due to the interaction with solid products of a sulphide 
Surface oxidation. As long as elemental sulphur is the only solid pro-
duct of oxidation of all sulphide minerals without exception, the 
interaction of microorganisms with the mineral surface largely seems 
to take the form of their interaction with elemental sulphur. 

Corrans [9],  in particular, underlines the possibility of bacterial 
effect on a sulphide (covellite) through dissolution on its surface of 
elemental sulphur, produced as a result of this mineral's oxidation in 
a bacterial solution, and a depolarized cathode reaction. 

In view of the foregoing, we suppose that in studying the mecha-
nism of sulphide mineral bacterLl oxidation, it is important to analyse 
the basic thermodynamic regularities peculiar to the process of sulphi-
de mineral oxidation. Pourbet diagrams can be used for the purpose 
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because they describe the "element-water" condition with different 
values of pH.and redox potential. On the basis of the diagrams plotted 
for suiphide minerals, it is possible to judge the condition of the 
mineral surface at different values of pH, of the medium redox poten-
tial and of the mineral's electrochemical potential. Therefore, a 
galvanic cell may serve as an experimental model of a suiphide oxida-
tion process: a sulphide immersed in the electrolyte functions as an 
electrode, while the oxidation processes are measured by the electro- 
motive force, produced at the interface "mineral-solution". The p 
value, then, can be determined as the value of the suiphide steady 
state electrode potential in a particular solution. The sign and mag-
nitude of the electrochemical potential reflect the redox processes 
going on in the near-electrode layer and indicate the kind of chemical 
reactions that occur on the mineral surface as a result of its contact 
with the bacterial culture. 

We made thermodynamic calculations and plotted p-pH diagrams 
for the systems "iron-water'', "sulphur-water'', "arsenic-water" as 
well as thermodynamic stability diagrams for chalcopyrite, sphalerite 
and arsenopyrite, and for the products of their oxidation in water. 
Also, the system "suiphide mineral - bacterial culture' 'was subjected 
to electrochemical measurements which made it possible to assess as 
a whole the electrochemical phenomena taking place in the course of 
sulphide mineral bacterial oxidation (Figs 1, 2, 3). 

In this connection, electrode potentials of arsenopyrite, chalcopy -
rite and sphalerite were determined in a 0.1 N solution of potassium 
chloride depending on the pH value, as well as in 9K medium with 
and without bacteria. 

Analysis of the diagrams shows that T. ferrooxidans develop in the 
region where stable products of sulphide mineral oxidation exist and 
sulphides display thermodynamic instability. However, since in the 
absence of oxidants, the sulphides of nonferrous metals are insoluble 
in the water, their free oxidation energy is used by T. ferrooxidans 
and some other bacteria. 

The findings of the thermodynamics analysis were further verified 
when we studied the behaviour of iron, arsenic, and sulphur in the 
course of arsen.opyrite bacterial oxidation. 

The structural formula of arsenopyrite is Fe3EAs2S J3. When 
arsenopyrite is oxidized in the presence of T. ferrooxidans, ferric 
iron is continually accumulated in the solution and in the deposit; 
conversely, the absence of bacteria prompts the accumulation of 
ferrous iron in the solution. Increased ferric iron content of the solu-
tion is due to the oxidation of ferrous to ferric iron by bacteria, 
accompanied by the alkalization of the medium: 

2FeSO4  + H2  SO4  + 0.502 - Fe2  (SO4  ) + H2 0 	(6) 
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Fig. 1. Diagrams of thermodynamic stability of chalcopyrite 
and of its oxidation products in water. 
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Upon reaching a certain concentration, ferric sulphate hydrolyzes 
into ferric hydroxide which precipitates and acidifies the medium: 

Fe2  (SO4  ) + 611 2 0 	2Fe(OH)3  + H 2  SO4 	(7) 

0.8 
I. V 

0.6 

04 

0.2 

0 

-0.2 

-0.4 

Eh  

Zn 

- 

: ZnSS °  

A:- 

- 

I 	H 

Fig. 2. Diagrams of thermodynamic 
stability of sphalerite and of its 

oxidation products in water. 
Eh - redox potential of the bacterial 
solution; p - change in the electrode 
potential of sphalerite relative to 

normal hydrogen electrode 

2 	3 	L 

pH 

Normally, towards the end of the experiments it accounts for 54 % 
of the total Fe in the solution and in the precipitate. 

Arsenic contained in arsenopyrite is solubiized as a result of 
leaching in the tn- and pentavalent state in the ratio As 3  : As5  = 
5.1 : 1. In the solution, arsenic is present in the form of arsenious 
acid, because arsenic exists in the form of a cation only in highly 
acidified solutions: 

As 3  + 3H2 0 = [As0 3 ] 3  + 6H = H 3 As03  + 3H 	(8) 

Arsenious acid is oxidized by oxygen to arsenic acid: 

H3 As03  +O.5O 2 -+ H 3 AsO4 	 (9) 

In the presence of ferric iron in the solution, hon arsenate is formed, 
which precipitates: 

Fe3  + H2  AsO - FeAsO + 2H 	 (10) 
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Fig. 3. Diagrams of thermodynamic stability of arsenopyrite and of its 
oxidation products in water. 
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Precipitation of iron simultaneously with arsenic begins at lower 
pH values than in the case of Fe 34  alone. 

As arsenopyrite is being oxidized by bacteria, elemental, sulphur 
accumulates gradually to make up to 60 % of the total sulphur leached 
by the end of the experiment. Intermediate sulphur compounds are 
also accumulated (up to 20 %), although towards the end of the 
experiment their content sharply declines due to oxidation to sulphate 
sulphur. 

The accumulation of elemental sulphur and of intermediate valency 
sulphur compounds results from chemical and electrochemical oxida-
tion of arsenopyrite whereas the oxidation of these compounds and 
of elemental sulphur to the higher valency state is performed by 
bacteria. 

Fe As S__Fe2.As3.S0 
N' 

--- 0 

fer

_ 

2- 	- 
1errooxidtiO4 + 8H 

FeAsO4 	- 

H2 0 

Fig. 4. Model of biological 
oxidation of arsenopyrite 

- 	7H2O 

Thus, the mechanism underlying the process of sulphide mineral 
oxidation and of their lattice destruction, in the case of arsenopyri-
te, can be represented as follows (Fig. 4). 

Oxidation of arsenopynte by bacteria takes place concurrent with 
arsenopyrite interacting with ferric iron which is present in the case of 
both bacterial and chemical oxidation processes and may be described 
by the following electrochemical reaction: 

FeAsS +'Fe2 (SO4)3 + 1.511 20 + 0.7502  =3FeSO4  + S°  + H3 As03  (11) 

Ferrous ion, solubilized from the mineral, remains in the diffusion 
layer, where it is oxidized by microorganisms to the trivalent state. 

The reaction of ferrous to ferric iron oxidation, where oxygen 
functions as an acceptor, may be thermodynamically described by 
the following equation: 

4Fe2 ' = 4Fe3  + 49 	= 0.771 + 0.091 log 

02 +4H+4e=2112 0 
4Fe2 ' + 4H + 02 = 4Fe34  + 2H2 0 

(Fe34) 

(Fe2) 	(12) 
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Those enzymes that serve as biocatalysts of ferrous iron oxidation 
reactions also cata:lyize suiphide mineral oxidation reactions. 

Oxidation of Fe2  in the diffusion layer, producing Fe 3 , a strong 
suiphide oxidant, in the boundary layer itself, ensures its fast in-
teraction with the mineral. The resultant ferrous iron is re-oxidized 
by bacteria to the ferric iron and the cycle is repeated. 

Suiphide sulphur (S 2 ) apparently is oxidized bacterially to sulphu-
ric acid. However, most ions (S 2 ) in the electrochemical cell under 
study appear to be converted to S °  in the course of electrochemical 
destruction of suiphide lattice. 

Elemental sulphur, a product of arsenopyrite electrochemical 
oxidation, is oxidized by microorganisms to sulphuric acid in accor-
dance with this reaction: 

S° 	-* S°  - SO - SO 	 (13) rhombic P 
The resultant crystalline phase of arsenopyrite and sphalerite oxida-

tion product is identified by us as elemental sulphur of a very rare 
type simulating the 13-modification of selenium. A similar modifica-
tion of elemental sulphur was isolated in Portugal from hot sulphur 
springs where sulphur-oxidizing thermophiic microorganisms may be 
present [ 1 0]. 

The structure of elemental sulphur was also determined for compa-
rative analysis before and after its treatment by bacteria. The initial 
elemental sulphur had a pronounced standard orthorhoznbic structure; 
however, following bacterial treatment, its structure is identical with 
that of sulphur after bacterial oxidation of arsenopyrite and sphalerite. 

Thus, it should be born in mind that bacterial oxidation of elemen-
tal sulphur occurs when its standard rhombic modification is trans-
formed into the 13-selenium modification which is oxidized by micro-
organism to SO ion, and further to SO ion. Oxygen serves as an 
acceptor of electrons during sulphur oxidation and is reduced to H 2  0 
in an acid medium. 

Our investigations have shown that the "direct" mechanism of 
bacterial attack on the crystal lattice of sulphide minerals is based on 
the electrochemical (corrosion) process intensified by bacteria. The 
mechanism of electrochemical process intensification on the surface 
of suiphide minerals has not been fully studied yet. It has been 
proved, though, that while in contact with a mineral, the bacteria tend 
to change its electrode Dotential [11], to depolarize the mineral sur-
face through oxidation of S °  and Fe2 , and to change Eh of the 
medium (electrolyte) producing highly oxidizing conditions. 

BIOCHEMISTRY OF LATFICE IONS OXIDATION IN THE CASE 
OF SULPHIDE MINERALS AND ELEMENTAL SULPHUR 

At present, the mechanism of oxidation of Fe 2 , S 2  and S°  is 
being studied at all levels of bacterial cell organization. Lundgren and 
Tano [12] point out that in the course of iron and sulphur ions oxida- 
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tion by T. ferrooxidans the whole of the cell envelope is important, 
i.e. both the cytoplasmic membrane and the cell wall. 

Oxidation of Fe2 . When considering the mechanisms of Fe2  
bacterial oxidation we shall deal only with the chemosmotic hypo-
thesis advanced by Ingledew et al. [13], which, in our view, provides 
the most satisfactory explanation of the mechanism of energy pro-
duction by T. ferrooxidans. The earlier hypotheses were discussed in 
a number of books and reviews [1, 14 ]. 

The respiration chain of T. ferrooxidans consists of c- and a-type 
cytochrornes, one of which functions as the final oxidase of a copper-
containing protein and a Fe3 -chelating protein. Fig. 5 shows the path 
of electron transport in T. ferrooxidans in the oxidation of Fe2 . 

At the first stage, Fe2  is transported through the membrane of the 
cell wall into the periplasmic space where it is accepted by a copper-
containing protein, rusticyanin. Cox et al. [15]2  found rusticyanin to 
be stable at pH 2.0 and to interact with Fe . Thus, the copper-
containing protein serves as a primary acceptor of Fe2+.  The electron 
then follows the cytochrome chain to reach oxygen. Reduction of 02 
takes place on the interior face of the cytoplasmic membrane. 

Ferric iron is removed from the cell with organic compounds, 
in particular, with protein forming chelate-like complexes [16]. 

Th second reaction relating to energy generation (2 + ½0 2  + 
+ 2H - H 2  0) is localized on the interior face of the cytoplasmic 
membrane. 

Fig. 6 shows the diagram of oxidative phosphorylation in T. ferro-
oxidans. 

Membrane Matrix 

M5.O -6.O 
2Fe  

Fig. 6. Scheme for oxidative phospho- 	
2Fe'3 	[+021.2H+ rylation, at the expense of the acid 	 ATP environment, in T. ferrooxidans 	2H 4 	,,,,, 	. ._- 21 

Minus two protons 
No chan9e in charge 	

No change 
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The basic concept of energy generation is derived from a thermo-
dynamic analysis of Fe2"' oxidation process. It is sufficient to have 
Eh = 330 mV to oxidize Fe 2" and to synthesize one ATP for two 
transferred electrons. On the interior face of the' membrane, where 02 
is reduced, Eh of the ½0 2 /H 2 0 couple is 890 mV (pH = 5.0-6.0). 
However, outside the cell (pH = 2.0), Eh of the 1h02  /H2  0 couple 
equals 1.1 V, i.e. the difference in Eh values is 210 mV. It should be 
stressed that this membrane potential is essentially due to pH gradient, 
only 120 mV being provided by the respiration chain. 

Now, we have seen that most of the ei4ergy in the course of Fe 2"' 
oxidation is generated at the level of H -ion flow as a result of a 
chemosmotic ATPase reaction that matches proton input in pH trans-
membrane gradient prior to ATP synthesis. 

According to Apel and Dugan [17],  the cells of T. ferrooxidans 
demand H+  in proportion to the number of electrons formed by 
Fe2"' oxidation. The function of the respiration chain is essentially 
reduced to providing the flow of electrons for intracellular H+  and for 
making possible the reaction of water formation. 

Oxidation of S2 . Oxidation of sulphide sulphur (S 2 ), according 
to Lundgren and Tano [12], is described as follows: 

sic suiphide oxidase s + H + 2 	 (14) 

2S 

S—S+SH 	- S—S—SH 

S—S—SH+X--- X— S—S—SH 

2X_SS_SHpolysulphideoxide x-s -x V. 

The effect of sulphide oxidase, in the first place, is manifested in 
the loss of two electrons and in the sulphur atoms being polymerized. 
Then, short chains of polysuiphide are oxidized to sulphur polymer 
compounds, the short chains apparently being connected with the 
membrane. "X" in this system corresponds to the hypothetic group 
of polysulphide chains bound with the membrane fraction of the 
cell envelope. Polysuiphide oxidase catalyzes the oxidation of poly-
sulphides. 

Oxidation of S° . As noted above, in the course of sulphide mineral 
oxidation, elemental sulphur is also formed. It can be oxidized practi-
cally by all known thionic bacteria in a wide range of the medium pH 
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values. According to Suzuki [14), the mechanism of sulphur-oxidi-
zing enzyme action may be expressed by the following equations: 

S + GSH -* GSSH and 

GSSnH + 02 + H20 enzymes GSS_ 1H + S0 + 2H, (15) 

where GSH - reduced glutathione, S - elemental sulphur (S 8 ). 
The sulphur-oxidizing enzyme was identified as oxygenase. The 

suiphite is further oxidized to sulphate, either through sulphite: 
cytochrome-c-oxidoreductase, or through adenosine-phosphosulphate-
reductase. 

Just like in the case of S2 , oxidation of S°  is accompanied with 
ATP generation. We know little about the early stages of bacterial 
effect on sulphur and about the mechanism of sulphur transport 
within the cell. It is established that elemental sulphur is oxidized 
when it comes in direct contact with the cells of bacteria. 

Takakuwa et al. [18] studied some aspects of T. ferrooxidans cell 
adhesion to sulphur crystals and showed that the process is determi-
ned by pH and may depend on the availability of energy. It has also 
been shown that thiol groups are essential to the process of adhesion. 
It may be noted that as early as 1957 Vishnyak and Santer postulated 
that thiol groups were important for bacterial oxidation of sulphur. 
Some authors take the view that lipids and phospholipids contribute 
to the dissolution of sulphur and to its transport to the cells in a 
colloidal state. 

Karavaiko et al. [19] used a mass-spectrometry technique to show 
that in the course of sulphur oxidation it was the fractions of the 
resultant colloid s..lphur and of sulphates that acquired the light 
sulphur isotope S32 . Bacteria prefer to use this isotope as being more 
active energetically. Simulation experiments also showed that phos-
pholipids, both synthesized by T. ferrooxidans and chemically pure 
reagents (lecithin and kephalin), were capable of dissolving sulphur 
to form S32  -enriched products. It is possible that these species of 
sulphur are similar to those found in the process of suiphide mineral 
oxidation that simulate the a-modification of selenium. 

Thus, the process of sulphur oxidation by thionic bacteria is a multi-
stage one. At the first stage, lipids and phospholipids produced as a 
result of microbial synthesis, dissolve sulphur to colloidal state. The 
sulphur dissolved in lipids is transported to the periplasmic space of 
the cell. Oxidation of sulphur apparently takes place on the exterior 
surface of the cytoplasmic membrane or in its invaginates. 

KINETICS OF SULPHIDE MINERAL BACTERIAL OXIDATION 

As shown above, bacterial enzymes take part in the oxidation of 
sulphide minerals, sulphur and ferrous iron. 
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Kinetic equations describing the rate of chemical reactions, are 
deduced on the strength of the mass action law. This law stipulates 
that the rate of an elementary process is proportional to the reagent 
concentration raised to the power equal to the stoichiometric coeffi-
cient in the chemical reaction equation. This postulate is applicable 
both to homogeneous/heterogeneous chemical reactions and to en-
zyme catalytic reactions, including the process of bacterial leaching. 

The rate of matter consumption in a reaction of the n-th order is 
described as follows: 

ds 	_=k.Sr1 	 (16) 
dt 

It is obvious that the order of the reaction can be determined from 
the kinetic curve by taking logs of equation (16): 

lgV = lgk + nigS 	 (17) 

It appears from the latter equation that in the case of simple 
reactions, the relationship in the coordinates (lgV, igS) must be a 
straight line, with the slope tangent being equal to n. By differetiating 
graphically the kinetic curve of arsenic leaching (Fig. 7) plotted on the 
results of upscaied tests [20] we can find the values of the reaction 
rates corresponding to particular arsenic contents of the solid phase 
S. The order of the reaction, determined in terms of coordinates 
(—lg(tg p),  --ig (8), where tg p  is the rate of arsenic content decline 
in each Pachuca tank and 0 is the fraction of non-oxidized arsenopyri-
te, is approximately equal to 1. The differential equation of arsenic 
consumption (S) in the suiphide will be: 

(18) dt 

The integration of this equation on initial condition of S = S, 
where t = 0, results in this relationship: 

SSoet 	 (19) 

lnS = inS 0  -- kt 	 (20) 

Using the kinetic curve of the first-order reaction, the reaction rate 
constant can be determined graphically from the following expressions: 

ln([P] 	[P]) = ln[P,j 	kt 	 (21) 

in 	
[P] 	

= kt 	 (22) [P] - [P] 

where [P] is the concentration of leached arsenic at the moment t, 
P - concentration of leached arsenic after the reaction is over. 
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• The kinetic curve of leaching (Fig. 7) shows that the depth of 
arsenopyrite oxidation reaction and arsenic leaching is limited by the 
2.01 g/l value, never dropping to zero in the leached residues.' For this 
reason, in order to calculate the reaction rate constant it is convenient 
to make use of expression (22) and to linearize the data in the coordi- 

P00  
nates (in

L00 	
, t). Fig. 8 shows that the rate constant (k) of arse- 

L 

nic leaching from the concentrate is equal to the tangent of the angle 
(slope), at which the straight line is inclined to the X-axis: 

k=tgp= 0.0215 h 1  

A simplest scheme used to describe the kinetics of enzymatic 
reactions is the so-called two-stage scheme: 

E + S 	
k5 	

ES 	k2 - E + P 	 (23) 

where E - enzyme, S - substrate, k 5  - dissociation constant of the 
FE].[S] 

enzyme-substrate complex: k5 = [ES] , k 2  - first-order rate con- 

stant of the enzyme-substrate dissociation, accompanied by the 
formation of reaction products P and enzyme re-generation. In case 
when the substrate concentration by far exceeds the enzyme concentra-
tion which is a normal condition for the study of kinetics of enzyma-
tic reactions, the equation of material balance by enzyme can be of 
the following form: 

[E0 ] = [E] + [ES] 	 (24) 

Combining these equations with the rate of the enzyme-substrate 
complex dissociation: 

V = k2  . [ES] 	 (25) 

we can obtain the equation for the enzymatic reaction rate: 

k2  . [ E0] . [S] v= -. 	 (26) 
k5  + [S] 

In studying the initial rates of the reactions, when the consumption 
of substrate can be ignored S = S, we can obtain the basic equation: 

k2  . [E0 ] . ES0 ] 
V= 	 (27) 

ks +ESoI 
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Equation (27) describes the relationship between the rate of the 
enzymatic reaction, according to scheme (23), and the initial substrate 
concentration, and makes it possible to determine from the experi-
mental data the values of k;  and k5  constants, that are the most 
important characteristics of the enzymatic reactions. 

Constants k2  and k5, normally determined from the experiment, 
are effective values (they depend on pH of the medium, presence of 
inhibitors in the system as well as of activators, additional reactions, 
etc.), otherwise referred to as "catalytic constant' 'k at  and "apparent 
Michaelis constant" km  (app)' respectively, of a paiicular enzymatic 
reaction: 

[S0] 	
(28) 

km (app)+ESOI 

This equation is applicable to both homogeneous and heterogeneous 
catalytic reactions. In the case of enzymatic reactions, it is referred 
to as the Michaelis-Menten equation. The product kcat . [E 0  } is 
called maximum reaction rate, and is designated as Vm : 

Vm =kcat•IEo] 	 (29) 

Here, the Michaelis constant in enzymatic reactions in the general 
case is kinetic and not equilibrium, therefore, kcat  and  km(app)  are 
regarded as kinetic parameters of enzymatic reactions. 
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To determine the kinetic parameters, various techniques of lineari-
zing the enzymatic reaction rate depending on the substrate con-
centration are employed. Because we only have a complete kinetic 
curve of reaction product (arsenic) accumulation at our disposal, the 
kinetic data are processed using an integral form of the kinetic 
equation of the reaction rate (22, 23). 

The Michaelis-Menten equation in a differential form may have 
the following form: 

_LJ- Vm[S] 
(30) 

dt 	km (app) + ES] 

The kinetic parameters Vm  and  km(a 	can be determined as fol- 
lows. The integration of equation (30 with the initial conditions 
[S] = [S0 ] at t = 0 produces an equation establishing the relationship 
between the concentration of the reaction product P and the time: 

[So ] 
[P] = V 	tk 	In m 	m( app) 	[S0]---[P] 

The equation can be linearized in the Walker-Schmidt coordinates: 

([Pitt; - in ES0 ] 

The equation 

IN = 	 km(app) 	[Sol 	 (31) t 	[S0] — [P] 

shows that the straight line has the slope tangent equal to km(app) 
and cuts off a section equal to Vm  on the ordinate axis. 

For purposes of an integral analysis of the kinetics of an enzymatic 
reaction, of particular interest is the case of competitive inhibition by 
the reaction product: 

km(app) 	k(cat) 
E+S, 	ES 

k 	 (32) 
E+P- 	.EP 

where E - enzyme, S - substrate, P - reaction product, k - con-
stant of inhibition by reaction product. 

Normally, three types 'of inhibitors are distinguished: competitive, 
non-competitive, and mixed. If inhibitor I is a chemical analogue of 
substrate S, incapable of undergoing catalytic transformations, but 
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occupying an active place in the catalyst molecule (K), two results 
are possible: either an inactive product KI, or an intermediate com-
pound KS is formed. The overall reaction rate will continue to be 
determined by the same factors, and, where the formation of KI 
complex constitutes a reversible process, the introduction of the in-
hibitor does not affect the .maximum reaction rate, although it is of 
consequence for the effective value of the Michaelis constant. Non-
competitive inhibitors are all those that bring down the maximum 
rate of reaction without changing the Michaelis constant value. Mixed 
inhibitors encourage changes in both kinetic constants of the Michaelis-
Menten equation. 

The kinetic treatment of scheme (32) makes the concentration of 
the enzymatic reaction product dependent on time: 

IN 	Vm 	km(app)(1+[i) Ill 
	

[S0] 
(33) 

m(aPP) ) 	[S0 }—[P] 
k 

The inhibition constant value k can be determined, for example, 
by finding the Vm  and  km(apn ) values of the enzymatic reaction from 
an independent experiment (te. using the initial reaction rates), and 
by comparing these with the values of effective kinetic parameters 
obtained from the complete kinetic curve plotted with the inhibiting 
action of the reaction product [21, 22 ]. 

The analysis of the complete kinetic curve in the coordinates (P/t; 

In 	
S0 	) shows (Fig. 9) that the effective value of the maximum 

reaction rate 

Ve= Vm m 	km(app) 	 (34) 

kp  
1- 

is equal to 0.15 gIl. h, while the effective value of the Michaelis con-
stant km(app) = —0.25 x 102  gIl: 

k 

= km(app) 1 km(app) 
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The effective negative values of the maximum rate V and of the 
Michaelis constant k correspond to the case where k <k 
i.e. the reaction product has a closer affinity to the enzyme comp?d 
with the original substrate, there being a considerable competitive in-
hibition by the reaction product. The conclusion, that'arsenic released 
into the solution as a result of arsenopyrite oxidation constitutes a 
competitive inhibitor, is fundamental for the process of bacterial 
leaching. 

CONCLUSION 

The study of the mechanism of bacterial oxidation of suiphide 
minerals is crucial for the solution of technological problems. For 
example, the problem of selective oxidation of suiphide minerals 
in tin- and gold-bearing, and copper-zinc concentrates is being succe-
ssfully resolved now. It has been also shown that, using the technique 
of enzymatic kinetics in accordance with the above-described methodo-
logy, it is possible to obtain basically new data with regard to both the 
mechanism of the bacterial leaching process and the search for specific 
ways of process optimization, in particular, by creating conditions 
favourable for the maximum growth rate of bacteria, or, for example, 
by creating conditions that would allow changing the kinetic con-
stants kp, k(app) to the values to ensure the maximum rate of 
suiphide mineral enzymatic oxidation in the leach concentrate. 

We have considered the possibility of applying the methodology 
of enzymatic kinetics to the description of the process of arsenopyrite 
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(arsenic suiphide) oxidation. Similarly, it is possible to study the oxida-
tion of suiphides of iron, copper, zinc and other minerals based on 
enzymatic catalysis. 
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THE ROLE OF THE SULPHIDE CONSTITUTION 
IN THE PROCESS OF THEIR BACTERIAL LEACHING 

L.K. YAKHONTOVA 
Lomonosov Moscow State University, Moscow, USSR 

The bacterial leaching of suiphide ores is based on the oxidation of 
suiphide minerals with the participation of thioric bacteria, mainly 
Thiobacillus ferrooxidctns, and some thermophiic bacteria in strongly 
acidic solutions (pH <3). 

Sulphides are semiconducting crystals which undergo destructuring 
when oxidized. This destructuring is mainly associated with the break 
of the bonds in their crystalline lattices and the loss of electrons, i.e. 
with the electronic disbalancing of the lattice. Electrons of oxidation 
reactions usually enter the sphere of the oxidizer and are utilized for 
its reduction. This process in aqueous solutions — electrolytes is con-
nected with changing their chemical behaviour and state due to the 
admittance into the solution of components of the oxidized mineral 
(cations and anions) and the hydrolysis reactions of the A 2  + 2H 2  0 - 
A(OH)2  + 2H type, being dependent on the pH of the solution. 

The oxidizer receives electrons to assume a form which corresponds 
to the Eh-pH state of the solution. Thus Fe 3  ion according to Fe 
diagram in H 2  0 at 25 °C in the solution with pH <3 is reduced accord-
ing to the following scheme: Fe 3  + - Fe . Oxygen, depending on 
the pH of the aqueous solution, takes part in hydrolysis-reduction 
reactions 02 + H 2  0 + 4 - 02- + 20W (in acidic environment) and 
02 + H 2 0 + 4 - 302_ + 2H (in alkaline environment). A bacterial 
cell receives electrons from the oxidized substrate and utilizes them in 
reactions connected with constructive and energy metabolism of the 
cell. 

Every oxidizer transporting electrons creates the oxidizing potential 
(OP) of the medium (solution). Bacteria possess high oxidative ability 
which exceeds that of the universal oxidizers occurring in natural 
waters - Fe 31  ion and oxygen. Oxidizing potentials of the media con-
taining T. ferrooxidans are about 0.6-0.7 V, which is noticeably higher 
than the OP of similar abiogenic systems with oxygen or Fe 3  ion 
(0.4-0.5 V on the average). It is clear that bacteria may create environ-
ments with rather high oxidizing potentials. 

Every suiphide mineral with its peculiar crystalline lattice possesses 
its own stability during oxidation. For definite conditions sulphides 
can be placed in a sequence in which every following suiphide is more 
stable than the previous one. In a sulphate solution with pH'2.5 the 
stability sequence of most common ore suiphides is as follows: gale-
nite (0.30), chalcocite (0.35), sphalerite (0.35), chalcopyrite (0.40), 
bismuthine (0.40), stannite (0.45), pyrrhotite (0.45), tetrahedrite 
(0.45), arsenopyrite (0.50), pentlandite (0.55), pyrite (0.55-0.60) 
[1-6]. 
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If suiphide electrodes are dipped into the same electrolyte then 
sharp changes of the potential at the electrode-electrolyte borderline, 
the so-called suiphide electrode potentials (EP), proportional to the 
work of electron release from the crystal lattice, are a relative measure 
of mineral destructuring through oxidation. The above-stated stability 
sequence shows in parentheses the corresponding EPs (in V) of the 
minerals in the sequence. 

Measuring the dependence of suiphide EP on pH of the solution-
electrolyte allows to draw a chemical interpretation of its oxidation, 
i.e. to derive an oxidation equation. Besides experimental studying of 
the EP-pH, dependence diagrams of the elements' state in water [1, 
7, 81, up-to-date experimental data on the chemical behaviour and 
state of different elements in aqueous solutions, as well as the investi-
gation of natural oxidation of minerals are employed for such an investi-
gation the results of which are of great importance for the under-
standing of the chemical aspect of the bacterial destructuring of mi-
nerals. At present, oxidation equations are derived for chalcocite, 
chalcopyrite, bomite [3, 91, galenite and sphalerite [6], bismuthine 
[2], tetrahedrite [5], arsenopyrite [10, 111, pyrite [4]. 

The investigation of the EP-pH dependence results in the construc-
tion of a plot which is usually juxtaposed with the diagram of the 
corresponding elements' state (Cu and S for chalcocite; Cu, Fe, S for 
chalcopyrite; Bi, S for bismuthine, etc.). The EP-pH plot usually 
represents a broken line, the slopes of which are determined by the 
ratio of the HF ion number to the number of electrons in the products 
of the studied oxidation reaction. Parts of the EP-pH plot parallel to 
the EP (Eh) axis correspond to the reactions of non-oxidation type 
(hydrolysis, exchange, etc.) - electrons are absent in the products of 
such a reaction. Parts of the plot parallel to the pH axis are charac-
terized by oxidation reactions without free HF ions (only electrons!). 
Finally the slopes of the broken line characterize redox processes with 
both protons and electrons in products of corresponding reactions. 
In these cases, according to the well-known Nemst equation 

Eh(EP) = Eh0 + 	in 	[Did 
' 	.Aj [Bib 

for the reaction 	aA + bB = cC + dD + n, where [C] or [D] can 
be HF ion activity, the slope of the plot determines the ratio of the 
number of hydrogen ions to the number of electrons (n) for the oxida-
tion reaction. 

Thus the type of mineral oxidation practically cannot be described 
by one equation: every broken-line segment of the EP-pH plot requires 
its own equation for the oxidation reaction of the given suiphide. 
Fig. 1 shows as an example an experimental EP.pH plot for chalcopy-
rite, as well as the data on the iron, sulphur, and copper state in an 
aqueous solution. In accordance with different segments of the broken 
line and different state of the above-mentioned components in the solu- 
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tion caused by the change in EP-pH conditions the following oxidation 
equations have been derived [3]: 

pH <3 CuFeS 2  + 3.2502  + 7.5H 2  0 [CuHSO4 Jf  + [Fe(H 2  0)6 1 2+  + 

+ HS0 + H + 3e; 

pH = (3-7) CuFeS 2  + 402  + 6H 2  0 - [Cu(H 2  0)6] 2+ + S0 + 

+ [FeSO4  t + 

pH > 7 CuFeS 2  + 3.902 + 6.2H 2  0 - [Cu(H 2  0)6 ]2+ + So 4 

+ [FeSO4 l + 0.4H + 1.4 

The knowledge of the mechanism of sulphide oxidation in acidic 
sulphate solutions with pH < 3 is of particular importance for the 
theory and practice of bacterial leaching of suiphides using T. ferro-
oxidans and other acidophiic bacteria. It should be also taken into 
account that bacteria may achieve more complete oxidation of mineral 
components than oxygen does. For instance in the solution without 
bacteria with pH < 3, iron, according to the diagram of Fe state in 
H 2  0, assumes the form of bivalent cation, but in the solution with 
T. ferrooxidans it is trivalent. 

High concentration of sulphate solutions (puips) used during 
bacterial leaching of suiphides should be also taken into account. In 
such solutions the cations of the [CuHSO4 }f  and [FeHSO4 ] 2  - type 
may be formed and cause the complexing of hydrogen; with this can 
be linked the pH instability of the solution with a tendency to consi-
derable pH increase which may inhibit the growth of microorganisms 
(e.g. in case of chalcocite). 

As for the corrosion model of bacterial leaching of suiphides, 
phenomena of the minerals' contact with each other are of great 
importance. Ores practically always represent polymineral associations. 
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When submerged in the solution-electrolyte the contacting minerals 
form galvanic couples, in which the high-potential mineral, cathode, 
i.e. the oxidizer, stimulates the oxidation of the low-potential (anode) 
mineral directly proportional to the difference in EP values of the 
galvanic couple components. 

The use of the additional oxidizer (oxygen, Fe 3 ' ion, bacterial 
cell) in the system of two minerals-solution, complicates the redox 
processes in it. The mineral of the lowest potential will be subjected 
to the maximum corrosion. Experiments testify to the fact that extrac-
tion of copper with the aid of T. ferrooxidans from chalcocite-pyrite 
and chalcopyrite-pyrite couples increased as compared to monomineral 
chalcocite and chalcopyrite 4- and 2.5-fold, respectively [10]. 

As stated above, the basis of the corrosion model of oxidation, 
biogenic process included, is the notion that the oxidizer stimulates 
the electrons' release from the crystal lattice of the oxidized mineral, 
that electrons pass into the sphere of the oxidizer and that they are 
used for reduction processes. The work of the electron release from the 
crystal lattice is intimately linked with the peculiarities of the fine 
constitution of crystals - type of bonds, imperfections, degree of 
stoichiometry of the chemical composition, isomorphic impurities and 
their degree of order, i.e. the nature of their distribution in the crystal 
field and their electric characteristics. At present, this problem is 
inadequately studied. Experiments are carried out by- mineralogists 
who study the processes of ore oxidation. Revealing the mechanism 
of chemical oxidation of minerals whose real constitution is well 
studied, allows to understand the mechanism of their bacterial corro-
sion as well. We posed this problem in 1974 for the first time [ 12 ]. 

Suiphides are semiconductors in which covalent, more exactly, 
donor-acceptor type of bonds prevails. These bonds are characterized 
by the fact that electronic pairs of one atom (sulphur, arsenic) are used 
in the lattice cell of another atom (iron, nickel, copper, etc.). This 
results in the formation of molecular orbitals. If electrons with diffe-
rent energy levels couple, the donor-acceptor bond is characterized by 
the formation of more complex hybrid molecular orbitals between 
atoms. This is especially characteristic of suiphides whose cations often 
have incomplete (e.g. up to 18 electrons) subvalent electron shells. 
Thus an atom of iron has 6 instead of 10 d-electrons, cobalt has 7, 
nickel has 8. The anion counterpart of these and other atoms in suiphi-
des is sulphur which can be present in these compounds in the form 
of S2  ion capable of supplying 4 electron pairs to a metallic atom or in 
the form of S in which two sulphur atoms combined by a common 
pair of electrons have six electron pairs and can supply six pairs of 
electrons to a metallic atom. The sphalerite ZuS composition (Zn has 
10 d-electrons) illustrates the first case; pyrite FeS 2  in which iron 
short of 6 electron pairs and in want of completing the 18-electron 
shell receives from S the missing 12 electrons, i.e. 6 pairs, illustrates 
the second case. In sulphides sulphur is a donor of electrons, metals 
are an acceptor. 
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In cases when the metallic atom requires for its stability in a sul-
phide compound more or fewer electron pairs than sulphur can supply, 
metals draw together and exchange their own electrons. In the structure 
of such suiphides the role of metallic bonds characterized by a high 
collectivization of metallic atom electrons increases. This can be 
illustrated by the structures of pyrrhotite Fe. 1  S and pentlandite (Ni, 
Fe) 9 S 8  [13]. 

Fe2  ions in the structure of pyrrhotite form an octahedron though 
S2  ions supply only four electron pairs instead of six to the octa-
hedron. To stabilize iron, Fe-octahedrons form columns in which they 
contact with their common faces and not with summits as usual. 
Because of that the acceptor's (sulphur) shortage of electrons is offset 
by the electrons of iron atoms drawn together. The electron structure 
of suiphide acquires specific characteristics which change its electric 
properties (conductivity) and greatly influence the work of electron 
release from its structure, i.e. oxidizabiity. 

Nickel and part of iron in the pentlandite structure form a triangu-
lar pyramid, i.e. they are surrounded by four S 2  ions. But nickel for 
its stability requires five rather than four electron pairs (it has 
8 d-electrons), while iron requires even six pairs. Motals escape from 
this 'uncomfortable' position through combining eight tetrahedrons in 
volumetric 'stars' with cluster-(converged) type relationship thereby 
increasing the exchange of electrons. Due to such a position of iron-
nickel coordination polyhedrons in the pentlandite electronic structure, 
like in pyrrhotite, there appear bunches with strengthened metallic 
bonds and an increased number of free liberated electrons. This results 
in facilitating the liberation of electrons in suiphide, as in case with 
pyrrhotite, and thus in reducing the stability during oxidation. 

The fundamental description of the electronic constitution of 
crystals which also determines, as stated above, the mechanism of their 
oxidation, is given by the band theory of crystals which together 
with the theory of molecular orbitals, i.e. the &ncept of the nature of 
chemical bonds in crystals, forms the basis of the physics of semicon-
ductors, dielectrics (insulators) and metals, essential for the understand-
ing of optical, magnetic and electric properties of crystalline solids. 

The band theory in its different aspects is descnbed in numerous 
special works on the solid-state physics [14, 15, etc.]. Here we mention 
only those statements of the theory which are necessary for the under-
standing and explanation of the destructuring of crystalline semicon-
ductors through oxidation processes. 

In the simplest case (two-dimensional band model) the establishing 
of bonds between two atoms of a metal in accordance with its electro-
nic structure results in the formation of electron levels or bands of 
different energies (is2, 2S2 , 2p6 , etc.). Energy levels of subvalent 
electron shells if completed up to 8, 18, etc. electron configurations, 
create filled levels or bands. Near them there are no vacant levels 
whereto electrons can move. Valence electrons usually fotm incomple- 
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tely filled energy bands - near them there are always vacant levels 
which form the conductivity band. In case of a three-dimensional 
electron structure model the described two-dimensional bands turn 
into energy surfaces. Electrons transferred into the conductivity band 
are liberated (free), i.e. they can move along the crystal field. The 
transition of electrons into the conductivity band involves energy 
consumption and crossing the space between the valency band and the 
conductivity band. This space, a kind of energy gap, is called a for-
bidden zone or gap. According to the width of the forbidden gap 
crystals are divided into metals, practically without a forbidden gap 
and with an overlap of the valency band and the conductivity band, 
semiconductors, with a narrow forbidden gap, and dielectrics (insula-
tors), with a rather wide forbidden gap, i.e. electrons cannot jump 
into vacant levels under normal conditions. Suiphide minerals with a 
donor-acceptor type of bonds are semiconductors. There, are narrow-
band as well as wide-band minerals among them. 

A jump of an electron from the valency band into the conductivity 
band causes the formation of a hole, in other words, a positive charge 
carrier, in the ceiling of the valency band. The total energy of electrons 
and holes of the valency band is one of the most important energy 
properties of crystals, i.e. the Fermi energy or Fermi level. This level is 
a band in the crystal, below which all energy levels are occupied and 
above which all energy levels are free, vacant. To oxidize a semicon-
ductor crystal it is necessary to spend an energy exceeding the Fermi 
energy. 

Semiconductive properties of suiphides are closely connected with 
their actual chemical composition, isomorphic impurities which cause 
imperfections, with the degree of stoichiometry of the chemical compo-
sition. Any isomorphic impurity, even the closest in its nature to the 
substituted component in the suiphide structure, is characterized by 
its own electronic structure. In every case it causes considerable changes 
in the electronic (band) structure of the host mineral. For example, 
cobalt replacing iron in pyrite FeS 2  has, in comparison with the latter, 
7 rather than 6 d-electrons. In the structure of pyrite this impurity is 
a donor of electrons. As a result of such a replacement in the forbidden 
gap of pyrite a donor energy level is formed which would make the 
forbidden gap narrower and increase the concentration of free electrons 
in the conductivity band. Nickel behaves similarly, supplying even a 
larger number of electrons into the conductivity band. Pyrite with 
isomorphic impurity of cobalt and nickel has an electron type of 
conductivity and is an type semiconductor. The donor electron level 
in the structure of pyrite is formed due to some excess of iron contain-
ed in mineral, i.e. the non-stoichiometry of the composition; pyrite 
of the Fe71  S 2  composition belongs to semiconductors with electron 
conductivity. 

• 	Contrarily, the substitution of arsenic for sulphur (S 6  - As5 ) 

in the same pyrite causes the formation in the energy-band structure 
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of pyrite of the acceptor electron level which is usually near the ceiling 
of the valency band. As a result, a hole (an electron shortage) is formed 
in the valency band. Sulphide with an acceptor isomorphic impurity 
(less charged) has a hole-type (p-type) conductivity. An acceptor level 
of electrons in pyrite may also be connected with the non-stoichio-
metry of its structure - a certain excess of sulphur in the mineral 
composition, which can be determined when deriving a crystaichemical 
formula of a suiphide according to the chemical analysis data and the 
results of an X-ray measuring of the arris of the lattice cell. Isomorphic 
replacement of iron atoms in pyrite by scandium, titanium, vanadium 
and chromium also causes the formation of a hole-type conductivity 
of the mineral. All these elements have a considerable deficiency of 
d-electrons in cogiparison with the replaced iron. As stated above, 
nickel serves as a donor impurity when it replaces iron in suiphides. 
At the same time Fe 2  as an isomorphic impurity in nickel suiphides 
is an acceptor of electrons because of a different number of d-electrons 
in the atoms of both elements. 

In hole-type semiconductors the forbidden gap is wider, the Fermi 
level is lower, the work of electron release from the structure is greater 
as compared with electron-type semiconductors, p-type (hole) semi-
conductors are more difficult to oxidize. In comparison with electron-
type semicoiductors, they, as a rule, also have higher values of the 
electrode potential, i.e. actually the Gibbs thermodynamic potential 
which describes the energy state of the system. These statements, 
very important for the theory and practice of the bacterial oxidation 
of suiphides, were confirmed by our experiments on pyrite and arseno-
pyrite oxidation with the participation of T. ferrooxidans [10., 161. 

Experinental investigation of bacterial oxidation of sulphides 
showed that hole-conductivity minerals as compared with their 
electron-conductivity varieties (p-type pyrite and n-type pyrite), 
though they have a higher energy barrier, are actively oxidized by 
T. ferrooxidans for a long period of time. Electron-conductivity ana-
logues easily 'emitting' electrons from the conductivity band rapidly 
reach the stoichiometry of the composition, sharply increase their 
electrode potential and become difficult for oxidation, in case of 
pyrite - even for bacterial oxidation. 

Experiments have convincingly shown that bacterial oxidation of 
suiphides proceeds in accordance with electrochemical and corrosion 
laws. 

It has been stated above that minerals' contact with each other 
is very important for oxidation, including bacterial oxidatipn. In 
view of everything mentioned about semiconductive properties of 
suiphides it should be noted that in different types of ores, even be-
longing to the same deposit, pyrite of different types of conductivity 
can be found with rather different electrode potentials. The pyrite 
with electron conductivity contacting with other minerals can serve 
as an anode and can be easily oxidized. The hole-conductivity pyrite 
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being a cathode in galvanic couples is, vice versa, safely protected 
against oxidation. In this case it plays the role of the oxidizer and 
acts as a competitor versus living organisms - bacterial cells. Our 
experiments showea that a polymorphic analogue of pyrite - mar-
casite FeS 2  (wide-banded, of a hole conductivity usually) - in couples 
with a great number of sulphides (chalcopyrite, arsenopyrite, bis-
muthine, pyrrhotite, etc.) always serves as a 'non-decomposable' 
cathode, safely protected against oxidation and stimulating destructur-
ing of the components which contact with it. 

Let us examine two new examples testifying to the connection 
between the process of bacterial corrosion of suiphides and properties 
of their actual composition. They are related to the oxidation of 
monoclinic pyrrhotite and pentlandite the structures of which were 
described above. 

In pyrrhotite FeiS due to the mutual convergence of iron atoms 
in its structure the role of electronic (metallic) bonds increases, as well 
as the number of free electrons in the conductivity band, the width of 
the forbidden gap diminishes. Despite the hole conductivity of this 
sulphide it facilitates its oxidation, controlled by a very low EP which 
approximated 0.3 V at pH = 2.5. Experiments showed that the initial 
stage of the mineral oxidation is intensive and is characterized by 
solubiization of excess sulphur in incompletely oxidized forms (H 2  S 
and HS). This results, besides a hydrogen suiphide contamination of 
the solution, in a sharp pH increase which causes the inhibition of the 
life activity of T. ferrooxidans. Hence pyrrhotite can be efficiently 
oxidized only by oxygen. It is also obvious that presence of an easily 
oxidized pyrrhotite in ores is unfavourable for the life activity of 
microorganisms. 

The second example concerns the oxidation of pentlandite. The 
experimental results are shown in Fig. 2 in the form of plots of the 
change in the oxidation potential (OP) of the culture solution and 
the EP of pentlandite in time (12 days). The initial concentration of 
T. ferrooxidans was io cells per ml. A control experiment was con-
ducted simultaneously. 

The main conclusions on the bacterial oxidation of pentlandite 
were the following: 

During oxidation nickel was extracted into the solution with a 
retarded iron leaching. If in the initial sample the ratio Fe:Ni:S was 
1:1:2, it was 1:2:2 in the extracted product. 

Iron was solubiized in the form of [FeHSO4  r complex cation, 
i.e. it was bivalent, sulphur - in the form of sulphate anions. 

During the experiment pH value remained at the initial level 
(2.7) which indicated to the parallel hydrogen complexing and its 
accumulation in the solution in the form of H ions. The latter follows 
from the preliminary study of the EP-pH dependence of pentlandite, 
when in an acid state of the solution (pH <3) the broken line of the 
plot of the EP change of sulphide was very steep (-0.050), described 
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by the following schematic equation of the mineral oxidation (the 
equation is schematic because it is difficult to take into account the 
quantitative ratios of different ion forms of Fe, Ni and S in the solu-
tion): Fe 5  NLS 8  + 1502 + 2H 2 0 - 5Fe2  + 4Ni2  + 8SO + 41- + 6. 

4) Bacteria grown on pentlandite suspension developed satisfacto-
rily - their ultimate concentration was 1Oi  cells/mi. 

The obtained data are fully correlated and explained by the pecu-
liarities of the already described crystalchemical constitution of pent-
landite. The bacterial stimulation of the oxidation of this sulphide (the 
structural formula is (Ni, Fe)' FeVIS 8 ) causes a prerential liberation 
of electrons due to the electronic (metallic) bonds' breakdown in 
tetrahedron 'stars' of nickel and part of iron, i.e. nickel is solubiized 
in the first place. The great difference between OP and EP during the 
first 24 hours of the experiment points to the consumption of liberated 
electrons from the mineral conductivity band by the bacteria and to 
the easiness of the mineral oxidation. During this period the first 
'tetrahedron' iron was solubiized in the bivalent state. A further 
breakdown of bonds, liberation of electrons from the valence band 
of the suiphide structure, oxidation of sulphur and iron - this is a. 
sequence of phenomena which accompany the destructuring of pent-
landite. On the eighth day of the experiment the portion of ferric iron 
in the total balance of iron began to noticeably increase. 

Thus, the process and the nature of bacterial oxidation of sulphides 
which proceeds according to the laws of the electrochemical (corro-
sion) model depend on the crystaichemical properties of individual 
minerals and on those paragenetic associations which they form in 
ores. To prepare ores for bacterial leaching at the sites of mineral 
deposits a special service should be organized with a task to determine 
specific technological types of ores for bacterial leaching. The pro-
perties of individual minerals (impurities, imperfections, conductivity, 
types of bonds, composition stoichiometry, etc.) facilitating or retard-
ing the oxidation should be taken into account, as well as mineral 
associations favourable or unfavourable for the leaching of a compo- 
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nent. It is also considered necessary to further the experimental study 
of this problem with the aid of new minerals and their association. 

In conclusion, it should be pointed out that the presented data 
convincingly demonstrate that the interaction between thionic bacteria 
and suiphides conforms to the laws of redox (electrochemical) pro-
cesses developing through electron transfer from the inorganic mineral 
substrate to the bacterial cell. This is accompanied by a breakdown of 
high covalent chemical bonds in suiphide structures and a synthesis of 
high covalent organic compounds inside the cell. For living organisms, 
bacterial oxidation is a vital process developing, for this reason, at a 
high rate. 

A similar conception is derived from the analysis of experimental 
data concerning destruction of aluminosiicates and quartz using sili-
cate bacteria [17], which also revealed that the nature of bacterial 
degradation of silicate minerals is controlled by various imperfections 
in their crystalline constitution (defects, substitution of aluminium for 
silicon in tetrahedron, isomorphic replacements in the cation portion, 
structural order, etc.), underlying the degree of chemical bond deterio-
ration in the structure and restructuring of bonds accompanied by 
electron liberation. 

Silicate bacteria, which are heterotrophic microorganisms, develop 
rather intensively in carbohydrate (organic) media, decomposing them 
to CO2  and H2  0. According to the modern conception of the living 
cell energy mechanism, the latter process represents a biochemical 
(electrochemical) oxidation [18, 19] whereby electrons released in the 
restructuring of organic matter chemical bonds, enter the oxidizer 
system and (in the case of the living cell acting as an oxidizer) are 
used for synthesizing its biomass in a highly complex reduction process. 

There is a probability that in the natural silicate systems (crusts 
of weathering, soils) silicate minerals (quartz, caolinite, feldspars, etc.) 
are more directly involved in the vital processes of bacteria present in 
such systems than is presently thought. At this stage, it is rather diffi-
cult to describe the vital activity of silicate bacteria relying on silicate 
degradation but it might be suggested that in this case the development 
of the cell is also ultimately based on the process of electron transfer 
from the inorganic substrate to the microorganism's organic structure. 
The living cell acts as a most potent 'electron acceptor in the process. 
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MECHANISM OF OXIDATION OF SULFIDE MINERALS 
BY THIONIC BACTERIA 

KAZUTAMI IMAI 
Okayama University, Okayama, Japan 

INTRODUCTION 

A chemolithotrophic bacterium, Thiobacillus ferrooxidans, has 
been proved to have considerable economic significance in the leaching 
of many kinds of metals from their sulfide ores since it was discovered 
in 1947 [1]. 

On the oxidation and leaching of sulfide minerals by the bacterium, 
two different mechanisms have been proposed. 

One is the indirect mechanism [2, 31 in which the bacterium makes 
chemical oxidation of sulfide minerals with ferric iron cyclical, by 
oxidizing ferrous iron formed in the chemical Oxidation. 

The other is so-called direct mechanism [4] in which the sulfide 
moiety of sulfide minerals are oxidized directly by the bacterium 
without the participation of iron. 

The author studied on the mechanism of oxidation of sulfide mine-
rals by Thiobacillus ferrooxidans, especially on the participation of the 
two mechanisms under several conditions, and the results are described 
in this paper. 

MATERIALS AND METHODS 

Microorganism and growth conditions. An acidophiic iron-
oxidizing chemolithotrophic bacterium, Thio bacillus ferrooxidans was 
used throughout the study. The strain was isolated from acid mine 
water at Yanahara Mine (Japan) and cultured in 100 ml of 9K medium 
[51 in a 500 ml shaking flask at 30 °C under shaking. 

Metal sulfides. Metal sulfides tested in this study were MnS, 
NiS, CoS, PbS, ZnS, and CdS. They were analytically pure grade com-
pounds (99.9 %) and were supplied by Ishizu Pharmaceutical Co., 
LTD (Japan). 

Each metal sulfide was ground to pass through a 200 mesh sieve, 
sterilized separately in an oven at 180 0C for 30 minutes, and added 
to autoclaved 9K medium at the time of inoculation of the bacterium. 

Preparation of cell suspension. Cells were grown in 10 1 of 9K 
medium in carboy at 30 °C for 4-5 days under aeration, and the cul-
ture was filtered under suction in order to remove the bulk of ferric 
precipitates. The filtrate was centrifuged (10,000 rpm, continuous 
centrifuge) and the precipitated cells were washed twice with distilled 
water, then a small amount of insoluble iron was removed with low 
speed centrifugation (500xg). The harvested cells were resuspended 
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in 0.01 M potassium phosphate buffer (pH 7.0) and used for the 
tests of oxidation of sulfide minerals. 

4) Assay methods. Concentration of solubiized metal ions was 
determined with a Shimadzu Model AA-625-01 Atomic Absorption 
Spectrophotometer after centrifugatiori of culture media. 

Concentration of ferrous iron was determined colorimetrically 
by the o-phenanthrolin method [5] using Hitachi Model 101 Spectro-
photometer. 

For the measurement of cell growth, number of free floating cells 
in the filtered culture media was counted using a Toma's Haemato-
meter. 

Iron- or metal sulfide-oxidizing activity of cells was determined 
by measuring oxygen-uptake in a Warburg Manometer. Composition 
of the reaction mixture was as follows: ferrous sulfate or each metal 
sulfide, 100 pmoles; glycine-H2  SO4  buffer (pH 2.5 or 35), 400 pmoles; 
cells (grown in 9K medium), 3.2-22.5 mg protein; total volume, 2.8 ml; 
20 % KOH, 0.2 ml in center well; gas phase, air; temperature, 30 0C. 

RESULTS AND DISCUSSION 

1) Leaching of manganese sulfide. In the first place, as an example 
of easily acid-soluble metal sulfides, mangaliese sulfide was chosen and 
the leaching of manganese was tested under shaking at 30 °C in 100 nil 
culture medium. 

In the case, growth of cells, solubiization of manganese, oxidation 
of ferrous iron, and change of pH of culture media were determined in 
three different culture media, namely, (a) 9K medium, inoculated, 
(b) 9K medium added with 1 % (w/v) MnS, inoculated, and (c) 9K 
medium added with 1 % MnS, but not inoculated. The medium (c) 
was used as control of chemical reaction. 

As shown in Fig. 1, the growth of cells and the oxidation of ferrous 
iron were normal in medium (a). However, the growth of cells was not 
observed for 7 days after inoculation in medium (b). And the leaching 
of Mn" occurred rapidly in medium (b), and the rate was almost the 
same with that of medium (c) (chemical control). In the media of (b) 
and (c) pHs rose rapidly to almost 5.0 by the addition of MnS, and 
during the period the smell of hydrogen sulfide was perceived. Then 
the pHs were decreased gradually. From these results, it may be 
thought that manganese sulfide reacts rapidly with sulfuric acid and 
manganese ions are solubiized as follows; 

MnS + H2  SO4  - MnSO4  + H2 S 	 (1) 

and the pH of the culture medium rises to unsuitable level for the 
growth of T. ferrooxidans. 
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And autooxidation of ferrous iron will be accelerated also by the 
high pH. 

As manganese ions do not inhibit cell growth or iron oxidase of 
the bacterium even in high concentration [61,  the inhibition of the cell 
growth in this case will be attributed to the high pH of the medium. 
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Fig. 1. Leaching of MnS with 7'. ferrooxidans: 

Cells, - -, - Fe', 
Mn 2  (leached), -- 	pH 

a) 0 - 9K medium, inoculated; 
b)I - 9K medium + MnS (1 %), inoculated; 
c) 0 —9K medium + MnS (1 %), not inoculated 

In such way, in the case of easily soluble metal sulfides, bacteria 
will not act so effectively in the leaching of the metals, especially in 
the early stage. 

2) Leaching of nickel sulfide. Secondly, the oxidation and leaching 
of nickel sulfide were tested. Examinations were carried out under the 
same conditions as in the case of manganese sulfide, except manganese 
sulfide was replaced with 1 % nickel sulfide. The results are shown in 
Fig. 2. 

As can be seen from Fig. 2, cell growth in 9K medium added with 
1 % NiS and inoculated wag inhibited for 7 days as in the case of MnS. 
However, in this case pH of the medium did not rise over the initial pH 
throughout the culture period. And further, high concentration of 
nickel ions does not inhibit cell growth and iron oxidase of the bacte-
rium [6],  so the growth inhibition is thought to be caused by the pulp 
of nickel sulfide itself. 
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The rates of autooxidation of ferrous iron (may be accelerated by 
nickel sulfide also) and leaching of nickel were almost the same for 
7 days in both of the inoculated and not inoculated media. 

Then, the pulp density of NiS in the media was lowered to 0.5 % 
in order to decrease the inhibition of the bacterial growth. The results 
are shown in Fig. 3. As seen in Fig. 3, the lag phase of cell growth was 
curtailed to 2 days, but the rate of leaching of nickel was almost the 
same with that of chemical control for 8 days. 
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Fig. 2. Leaching of NiS with T. ferrooxid ens (1): 

__________ Cells 	Fe, 

	

N12 (leached), 	pH 
a) 0 - 9K medium, inoculated; 
b)S - 9K medium + NiS (1 %), inoculated; 
c) 0 - 9K medium + NiS (1 %), not inoculated 

3) Leaching of cobalt sulfide. Then, the leaching of cobalt sulfide 
was tested. Firstly, the leaching of cobalt was examined in standard 9K 
medium (containing 10 mg Fe 2 /m1). 

In this case, three different culture media were used as in the case 
of the leaching of MnS or NiS, namely, a) 9K medium, inoculated, 
b) 9K medium added with 1 % CoS, inoculated, c) 9K medium added 
with 1 % CoS, but not inoculated (chemical control). 

The results are shown in Fig. 4. From the figure, it may be seen 
that the bacterium can grow relatively well in 9K medium containing 
1 % pulp of CoS (medium (b ). However, the rate of leaching of cobalt 
was not so high compared with the chemical control (medium (c ). 
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The reason was thought to exist on the high rate of autooxidation of 
ferrous iron in the media. As can be seen from Fig. 4, in the medium 
(b) ferrous iron is rather strongly oxidized chemically. Then, the 
ferric iron formed reacts chemically with CoS, and CoS is oxidized 
and leached out. And, then reduced iron is re-oxidized chemically. 
In such way, chemical leaching of CoS proceeds cyclically. 
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fl a9 

Fig. 3. Leaching of NjS with T. ferrooxidans (2): 
Cells, 	- Fe2 +, 

Ni 2  (leached), 	pH 
a) 0 - 9K medium, inoculated; 
b)I - 9K medium + NiS (0.5 %), inoculated; 
c) 0 - 9K medium + NIS (0.5 %), not inoculated 

As ferrous iron is fairly stable in sterilized 9K medium (pH 2.5, 
without any metal sulfide) under shaking at 30 °C [ 7 ], and cobalt 
ions do not accelerate the oxidation of ferrous iron [6],  the chemical 
oxidation of ferrous iron under acid conditions may be thought to be 
caused by the pulp of CoS itself. 

Then, the concentration of ferrous sulfate in 9K medium was 
lowered to half of the standard (Fe 2 , 5 mg/ml) in order to lower 
the rate of autooxidation of ferrous iron, and the effect of the bacte-
rium on the leaching of CoS was examined. The results are shown in 
Fig. 5. Expectedly the rate of chemical oxidation of ferrous iron and 
chemical leaching of CoS were lowered remarkably. On the other 
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hand, the rate of biological leaching of CoS was not decreased at all. 
And so, the biological effect of the bacterium on the leaching of CoS 
was manifested markedly. From Fig. 5, it may be noticed that the 
growth rate of the bacterium in medium (b) is almost the same with 
that in standard 9K medium (medium (a) (about 1.5x10 8  cells/mI). 

It means that the bacterium in medium (b) grew on ferrous iron 
using it as sole energy source. And so, the leaching mechanism of CoS 
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Fig. 4. Leaching of CoS with T. ferrooxidans: 

Cells, 	- Fe2*, 

Co 2  (leached), -- -- pH 
a) 0 - 9K medium, inoculated; 
b)I - 9K medium + CoS (1 %), inoculated; 
c) 0 - 9K medium + CoS (1 %), not inoculated 

in medium (b) should be indirect one almost exclusively. Because, 
if the bacterium used greater part of sulfide moiety of CoS as its energy 
source in addition to ferrous iron, the growth rate of the bacterium 
should be much higher, as the free energy change per mole in 
S2  - SO is about 20 times greater than that in Fe 2  -+ Fe3 . 

Then, the leaching of CoS under the conditions of very low iron 
content of the media was examined. 

In this case, 9K medium without ferrous sulfate was used as basal 
medium. However, as the inoculum which was actively growing culture 
in standard 9K medium (Fe 2 , 10 mg/mi) was used 10 % (v/v) to a 
fresh medium, iron was brought into the fresh medium from the 
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Fig. 5. Leaching of CoS with T. ferrooxidans in 9K medium: 

Cells, - _. - Fe 2 , 

CO 2  (leached), 	-- pH 
a) 0 - 9K medium (Fe 2 , 5 mg/mi), inoculated; 
b)I - 9K medium (Fe 24 , 5 mg/mi) + CoS (1 %), inoculated: 
c) 0— 9K medium (Fe 2 4, 5 mg/mI) + CoS (1%), not inoculated 
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Fig. 6. Leaching of CoS with T. ferrooxidans in 9K medium. 

(trace amounts of Fe): 
Cells, 	- 
Co 2  (leached), -- 	pH 

0 - 9K medium (trace Fe), inoculated; 
0 - 9K medium (trace Fe) + CoS (1 9M inoculated; 
0 - 9K medium (trace Fe) + CoS (1 %), not inoculated 
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inoculum (final concentration of iron was about 1 mg/mi). Other 
conditions were the same as those of Fig. 5. 

The results are shown in Fig. 6. From the Figure, it may be seen 
that cobalt was solubiized as much as 3,000 ppm and the number 
of the bacterial cells reached 6.0x10 8  cells/mi after 13 days in the 
medium (b). 

From the results it may be thought that CoS was oxidized and 
leached out principally through direct mechanism, as iron content of 
the medium was too low to support the active growth of the bac-
terium. 

The rate of the participation of indirect mechanism in this case is 
not clear, but it may participate to some extent, especially at the 
early stage of the culture. Because, under the conditions of almost 
no iron in the medium (Fig. 7), the lag phase of the bacterial growth 
appears as long as 7 days, and the rate of the solubiization of cobalt 
is very low during the period. 

The experiments shown in Fig. 7 were carried out as follows: 9K 
medium without ferrous iron, but added with 1 % of CoS was inoculat-
ed (10 %, v/v) with actively growing culture in standard 9K medium 
and cultured for 20 days under shaking at 30 °C, and the culture was 
transferred to a fresh medium described above in the same way. The 
transfer was repeated several times. During the transfer the iron conta-
mination is decreased exponentially, and the final culture contained 
almost no iron. In the transfer, about 7-10 days of lag phase was ob-
served and it was not shortened remarkably during several transfers. 

However, by the procedure a cuiture which can grow on CoS as 
its sole energy source in the absence of iron was obtained. The culture 
was used as inoculum and the leaching of CoS was tested in the medium 
(9K medium without ferrous sulfate, but added with 1 % CoS). In 
Fig. 7, it can be seen that alagphase as long as 7 days appeared, and 
also the rate of the leaching of CoS was slowed down compared with 
the case shown in Fig. 6. 

From the results of the leaching of CoS described above, it may 
be postulated that: 

High concentration of ferrous iron in the medium inhibits the 
biological oxidation of sulfide moiety of sulfide minerals by T. ferro-
oxidans, and so in such case the leaching of the sulfide minerals is 
carried out principally through indirect mechanism, namely by cyclic 
oxidation of ferrous iron by the bacterium; 

On the contrary, when the concentration of iron in the medium 
is too low to sustain active growth of the bacterium, sulfide moiety of 
the sulfide minerals becomes to be utilized as its energy source, and so 
the leaching of sulfide mineral is carried out through both direct and 
indirect mechanisms; 

Leaching of sulfide minerals in entire absence of iron will not be 
under natural conditions. It is carried out specially in laboratory or 
in specific case. Under such conditions the leaching of sulfide minerals 
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proceeds exclusively through direct mechanism. However, the leaching 
of cobalt sulfide under such conditions is rather slowed down compared 
with that achieved in the tests with low level of iron. 

4) Oxidation of metal sulfides by the cells of T. ferrooxidans grown 
in 9K medium, Oxidizing activity of cells grown in standard 9K me-
dium to several metal sulfides was tested using a Warburg Manometer 
as described in MATERIALS AND METHODS. The results are shown 
in Table. Each value shown in Table has been subtracted the value 
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Fig. 7. Leaching of CoS with T. ferrooxidans in 9K medium 
(without Fe): 

lls, 	pH, Co 2  
I - 9K medium (without Fe) + CoS (1 %), inoculated; 
0 - 9K medium (without Fe) + CoS (1 %), not inoculated. 

The bacterium passed several times through the medium 
indicated above was used as inoculum 

corresponding to the chemical oxidation (using boiled cells). Endoge-
neous respiration was negligible. The oxygen-uptake proceeded almost 
linearly for 120 minutes in every case. 

Specific activity of the oxidation to all of the metal sulfides tested 
was remarkably low compared with that to ferrous iron. However, 
the order of higher activity was as follows: 

PbS > CoG> NiS> ZnS > CdS 

Acknowledgement. The author would like to express grateful 
thanks to Mr. T. latano and Mr. H. Ohtake for their technical assis- 
tance. 
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Table 

Oxidizing activity versus metal sulfides of cells of T. ferrooxidans 
grown in 9K medium 

Metal sulfide 
	O -uptake (MI/mg protein.min) 

(100 Mmoles) 	pH 2.5 	pH 3.5 

CoS 
	 0.047 
	

0.031 
PbS 
	

1.482 
	

0.048 
CdS 
	

0.016 
	

0.009 
ZnS 
	

0.017 
	

0.010 
NiS 
	

0.020 
	

0.016 
(FeSO 4 ) 

	

(64.1) 
	

(35.1) 
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3) Central Research Institute of Geological Exploration, Moscow, USSR 
4) Tula Experimental Research Branch, Central Research Institute of 

Geological Exploration, Tula, USSR 

INTRODUCTION 

The process of bacterial-chemical leaching in tanks is intended 
mainly for utilization in combined concentration flowsheets, which, 
in addition to routine operations based on the physical separation of 
free minerals (gravitation, flotation), use chemical and biochemical 
(oxidation, dissolution, precipitation) and purely microbiological 
(cultivation of bacteria, their isolation from pregnant solutions and 
further utilization in the process) methods. Flowsheets which utilize 
bacterial-chemical leaching in tanks make it possible to tackle the 
tasks of extracting metals from combined hard-to-dress ores and their 
derivatives. Bacterial-chemical leaching may be both the main and the 
accessory means of processing concentrates. When developing technolo-
gical flowsheets one should take into aëcount a number of questions - 
from the pretreatment of input raw materials to the output of commer-
cial produce. 

Irrespective of the tasks set, one may single out the following 
stages envisaged in the flowsheets. 

Preparation of the input materials for leaching. 
Bacterial leaching. 
Preparation, processing and regeneration of recycle solutions, 

their further utilization in the metal leaching process. 
Characteristics of these basic stages are examined below. 
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I. A TECHNOLOGY FOR BACTERIAL LEACHING OF METALS IN TANKS 
1. Methods of Metal Extraction 

Methods of metal extraction, pyrometallurgic or hydrometallurgic, 
are inextricably connected with the preparation of input material. 
They are what determines the method of raw material preparation: 
concentration and leaching. We shall therefore briefly dwell on the 
metallurgy of some basic metals: copper, lead, tin, zinc and gold [ 1 ]. 

Metallurgy of copper. Flotation concentrates are the basic mate-
rials for the production of copper. According to their composition 
concentrates are divided into three types: (1) chalcopynte-pyrite con-
taining 16-20 % copper, 30-3 5 % sulfur and iron each, zinc and barren 
rock; (2) chalcopyrite concentrates containing 24-28 % copper, 
30-35 % sulfur and iron each, 1-2 % nickel; (3) chalcocite-bornite 
concentrates containing up to 40 % copper, 10-12 % sulfur and iron 
each, quartz, aluminosiicates. 

Copper concentrates are obtained mainly from combined hard-to-
dress ores containing zinc. The zinc content of the concentrates may 
reach 10-12 % and it is lost during metallurgical conversion. The most 
appropriate, therefore, is the flowsheet with a preliminary zinc re-
moval. This task may be effectively resolved by a combined technology 
for ore processing according to the pattern: flotation - selective 
bacterial leaching of zinc - smelting of copper concentrate to obtain 
both copper and zinc. 

Metallurgy of lead. Virtually all primary lead is obtained from 
flotation sulfide concentrates. Ores containing lead alone occur extre-
mely seldom, and they contain as a rule, apart from lead minerals, 
minerals of zinc and copper, barytes and others. The concentrates 
contain 40-70 % lead, 16-20 % sulfur, 4-15 % iron, 3-13 % zinc, 
1-6 % copper. 

The crude lead obtained contains 2-8 % admixtures, mainly 
copper (2-4 %), antimony and arsenic (0.5-1.5 %). The most laborious 
operation in the refining of crude lead is the removal of copper. Thus, 
in the production of lead too, it should be probably regarded as the 
most advisable to use a combined flowsheet of ore processing with 
the removal of zinc, copper and arsenic from the concentrate before 
the metallurgical conversion. This task can also be solved by using the 
process of selective bacterial leaching of zinc, copper and arsenic. 

Metallurgy of tin. Bedrock ores, typical of the tin deposits occurring 
in the USSR, are more labour-intensive as regards extraction and con-
centration than scattered ones. The tin content of the concentrates 
(gravitation and flotation), refined and ready for smelting, is 40-70 %, 
iron 1-14 %, arsenic from 0.1 to 8.0 %, sulfur up to 10 %; other ele-
ments are also present. The main method of tin production used 
today is reduction smelting of tin concentrates. Great difficulties arise 
when smelting concentrates with a high content of iron, sulfur, arsenic, 
antimony, bismuth, lead, and copper. 
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It should be noted that the share of tin-polymetallic ores subjected 
to processing is continuously growing. Because of their inadequacy, 
the concentration flowsheets at operating factories fail to recover such 
valuable metal impurities of tin ores as lead, zinc and cadmium, which 
are lost with the sulfides during the refining of tin concentrates. Sulfi-
des, including arsenopynte, account for the main losses of tin. The 
separation of the snifide products from different types of ores allows 
to obtain selective concentrates and complex products into which the 
total extraction of tin increases to 70-75 % as against 36-69 % when 
only the tin concentrate is obtained. One flowsheet for processing 
commercial tin-copper-arsenic products may be the flowsheet using 
bacterial leaching. This flowsheet allows to selectively extract from 
the commercial product (2 % Sn, 8 % Cu, 10 % As) a copper concen-
trate with a 23 % Cu content with the extraction of 86 %, and a 
10-15 % tin concentrate with the extraction into it of 85 % of tin [ 2 ]. 

Metallurgy of zinc. Commercial types of zinc-bearing ores are re-
presented by copper-zinc, lead-zinc and cDpper-lead-zinc ores. Serving 
as the main raw material for the production of zinc are flotation 
sulfide concentrates containing 40-56 % zinc, 5-16 % iron, 1-3 % 
copper and others. The zinc concentrates constitute a rich complex 
material bearing cadmium, indium, gold, silver, thallium, and selenium. 

Copper-zinc-pyrite ores are among the most complex types of non-
ferrous metal ores, and their concentration technology occasionally 
precludes the production of quality standard zinc and copper con-
centrates. Thus, one of the deposits features metacolloid pyritic copper-
zinc ores. Among their special features is the development of colloform 
formations and of finest, even emulsive, intergrowths of basic ore 
minerals with one another (chalcopyrite, sphalerite), the presence of 
secondary copper sulfides, a high content of flotation active pyrite. 

From the technological viewpoint the pattern of collective copper-
zinc flotation is the most suitable for preparation of input material 
for bacterial leaching: it yields a concentrate containing 9-11 % 
copper and 11-15 % zinc with at least 90 % of each metal being re-
covered. In this case the concentrate cannot be processed at copper and 
zinc plants by routine methods. Bacterial leaching allows to extract 
into commercial products up to 85 % of copper, 80 % of zinc and 
cadmium, and is the basic process in the combined flowsheet [ 3 ]. 

Gold metallurgy. Present-day gold metallurgy is based on the 
cyanide process, widely used in Soviet and foreign industrial practice. 
There is, however, a certain category of refractory gold-bearing ores 
whose direct cyanation is inacceptable for technological and economic 
considerations. 

Fig. 1 represents the relation between gold and arsenic contents and 
the extraction of gold by cyanation for different size classes of a gold-
arsenic concentrate. As the Figure shows, there is a close relationship 
between the content of gold and arsenic. Gold in the concentrate is 
finely dispersed and occurs predominantly in arsenopynte in the form 
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of a mechanical admixture. The close association of finely dispersed 
gold with arsenopyrite renders the concentrate refractory to the extrac-
tion of gold by cyanation. Only 7-10 % of gold is extracted from the 
concentrate of either the initial size, or reduced to 95 % of the class 
—0.044 mm. Following cyanation of the sinder in the two-stage sintering 
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process the extraction of gold does not exceed 77 %. After the release 
of gold using bacterial leaching in tanks the extraction of gold from the 
residue came up to 90-92 %. In this case bacterial leaching is a supple-
mentary process under the combined flowsheet [4]. 

Thus, modem metallurgical methods of extracting metals in certain 
cases fail to meet the demands of the day. These demands are deter-
mined by the complexity of the ores to be processed. When producing 
copper, zinc defies extraction, when producing lead, copper and zinc 
are inadequately extracted. The metallurgy of tin includes the obliga-
tory stage of the refining of concentrates for the removal of noxious 
admixtures of iron and arsenic; yet during the refining a considerable 
amount of tin is lost. No effective technology exists for producing 
copper and zinc from collective copper-zinc concentrates. In the 
hydrometallurgy of gold it becomes necessary to selectively extract 
gold from sulfides. These tasks may be tackled by the process of 
bacterial leaching in 'tanks. Its special characteristic is a high degree of 
selectivity. 

2. Bacterial Leaching 

Leaching represents a heterogeneous process whereby dissolved 
reagents interact with solid substance. The rate of leaching, i.e. the 
quantity of substance solubiized in a unit of time (or the quantity of 
reagent consumed in a unit of time), depends on many factors: the 
concentration of reagents, temperature, speed of agitation, surface of 
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the solid phase, 'and other factors, and, as a rule, it changes as the 
process goes on. 

The rate of metal leaching from minerals and other solid substances 
is determined in most cases not by the rate of chemical reactions taking 
place at the boundary between the solid and liquid phases, but by the 
rate of diffusion processes. This is due to the fact that the velocity 
constant of chemical interaction between the mineral and the reagent 
is considerably higher than the diffusion rate constant and the process 
is therefore limited by the delivery of the reagent to the surface di-
viding the phases, or the withdrawal of the product of reaction. 

The rate of leaching, bacterial leaching included, depends on many 
technological parameters. The experimental study of leaching kinetics 
is aimed at determining the optimal conditions of controlling the 
process. 

Before the experiment, the limiting stage is unknown, therefore 
the rate of the process is described formally by a kinetic equation 
which, for an irreversible chemical reaction, is as follows: 

kP''W(s) dt 
where - 	is the rate of decrease in the amount of leach material dt 
in the solid phase; k,the reaction rate constant;P, the concentration 
of the reagent in the solution at the moment of time t; n, the order of 
reaction by the reagent; 'li(s), the function which takes into account 
the surface area and changes in the rate of reaction due to decrease 
in the surface area and building-up of the solid envelope, etc. 

When studying kinetics, the dependence of the degree of leaching 
on the duration of the process under different conditions is determined 
experimentally, as well as the basic kinetic parameters (reaction order, 
rate constant, limiting stage). 

The difficulty of describing the bacterial leaching process lies in the 
need to coordinate the regularities of chemical heterogenic reactions 
with the kinetic regularities of enzymatic catalysis. 

The bacterial leaching process may proceed in the external diffusion 
mode, in the internal diffusion area, and also in the kinetic region. A 
study of the kinetics of bacterial leaching allows to determine the 
limiting stage and consequently to outline ways of controlling the 
process. The establisment of the limiting stage and determination of 
the dependence of the leaching rate on basic technological parameters 
is essential for evaluating optimal leaching conditions, f or controlling 
the process, for calculating the equipment used, and also for establish-
ing the mechanism of bacterial leaching. 

The basic factors and methods of intensifying bacterial leaching 
in tanks. Bacterial leaching may only proceed actively under medium 
conditions favourable to the life activity of bacteria. The basic factors 
determining these conditions may be divided into three groups. The 
first group includes physical-chemical factors: pH of the culture me- 
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dium, the redox potential temperature, the degree of aeration, the 
concentration of oxygen and carbon dioxide. The second group 
includes biological factors: the concentration of bacteria and their 
activity, the mineral composition of the nutrient medium. It is neces-
sary to use bacterial cultures adapted to leaching conditions, as well 
as mixed cultures of microorganisms. Technological factors make up 
the third group. These are the density of the pulp, the method of 
agitation and aeration, size of material, type of equipment used for 
the process, etc. We shall only dwell on those factors that are techno-
logically important for the metal leaching process, in tanks in parti-
cular. 

The process of sulfide mineral oxidation should be conducted in 
a dense pulp. High pulp density, however, steeply changes the physico-
chemical conditions of the mediujn (pH and the redox potential, the 
concentration of inhibiting substances, etc.), which creates un-
favourable conditions for the life activity of bacteria. The creation of 
optimal conditions for bacterial life activity in dense puips is possible 
given their continuous cultivation according to a multistage chemo-
static system on the test substrate. Such a system allows to conduct 
the process at a pulp density of 30 % solid. The multistage system 
allows also to constantly maintain stable conditions for the growth 
and life activity of the bacteria. Another advantage of this system 
is that it envisages iultiple utilization of the bacterial biomass adapted 
to the substrate and to a range of other factors whose parameters 
change during metal leaching. The bacterial biomass may be isolated 
from pregnant solutions by separation. 

The application of the continuous leaching system considerably 
improved the efficiency of the bacterial leaching of sulfide minerals. 
Thus, the extraction rate of zinc and copper from the concentrates 
was raised to 1,300 mg/i and 750 mg/i an hour respectively [5, 61. 
This method of conducting the process allowed also to obtain techno-
logically acceptable rates of arsenopyrite oxidation in concentrates, 
which is important for utilizing the process in the flowsheet for the 
removal of arsenic from tin-containing concentrates or for releasing 
gold in gold-bearing arsenical concentrates. 

A considerable intensification of bacterial oxidative processes 
takes place also under optimized gaseous regime, particularly following 
introduction of 0.1 to 10 % carbon dioxide into the aerial mixture 
used for the aeration of the pulp. Carbon dioxide is essential because 
it is a source of carbon for autotrophic bacteria. 

Thus, when leaching zinc sulfides in an atmosphere containing 
1 % carbon dioxide, the zinc leaching rate reached 1,150 mg/i, com-
pared to 360 mg/i an hour when normal air was used [ 5 ]. 

Producing strains of microorganisms active under extreme condi-
tions is one of the most important factors in intensifying bacterial 
oxidation processes when leaching metals from complex ores and their 
concentrates in tanks. 

244 



The last 10-15 years have demonstrated that active strains of 
Thiobacillus ferrooxidans can be obtained by adapting laboratory 
strains isolated from deposits to extreme factors in conditions similar 
to those existing in industry. The very process of microorganism 
adaptation is complex and has not been fully revealed. Adaptation is 
based on various causes [7] associated both with changes in the bac-
terial genotype per se and with the realization of their genetic poten-
tials (physiological adaptation). 

3. Processing and Regeneration of Recycle Solutions, 
Their Utilization in Metal Leaching 

Used in hydrometallurgy for separating metals from solutions is 
their precipitation in the form of hydroxides or metal sulfides, separa-
tion of metals by cementation, and ion-exchange, extraction and 
other processes. 

Of great importance in bacterial leaching in tanks is the study of 
all possible methods of removing toxic elements from recycle solutions. 
Preparation and utilization of active recycle solutions is one way to 
intensify the leaching process because this allows to utilize active 
bacteria adapted to leaching conditions and solutions without metal 
ions. 

Lime purification of recycle solutions. During bacterial leaching of 
arsenic-contaminated sulfide concentrates the solution's arsenic content 
may reach 7 g/l and higher, and iron content - up to 17 g/l. Reutiliza-
tion of these solutions in a closed leaching cycle requires removal of 
iron, arsenic and other metals which inhibit bacterial life activity. An 
analysis of the literature indicates that the lime technique has a number 
of drawbacks. One of them is that trivalent arsehic is not firmly bound 
in the precipitate, which results in the formation of precipitates with a 
low arsenic content. Also important is the matter of burying large 
quantities of precipitate. 

The probable thermodynamic composition of arsenate precipitates 
can be calculated from the structural diagrammes in the p-pH coordi-
nates. The results of thermodynamic calculations are given in Fig. 2. 
This Figure indicates that when lime precipitation of arsenic is used 
the following compounds may be found in the precipitate: FeAs0 4 , 

CaSO4 , Ca3  (AsO4 )2,  Fe(OH)3 . With the exception of iron arsenate 
these compounds are more easily soluble and therefore are toxic. 

Precipitation of metals with sodium sulfide. Taking account of the 
possible reactions of precipitation of tn- and pentavalent arsenic, bi-
and trivalent iron from acid solutions with sodium sulfide, a p-pH 
diagramme has been plotsed for the sulfur-water, arsenic-water, and 
iron-water systems. The calculations are given in Fig. 3. The data 
obtained demonstrate that at a pH value between 0 and 7 the following 
species may occur in the solid phase: As 2  S3 , FeS 2 , S° , and these 
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species are in 'equilibrium with the Fe 2  ion. An analysis of the possible 
phase composition indicates that the sulfide precipitate must be less 
depleted of arsenic than the precipitate obtained during lime purifica-
tion of arsenic and iron-containing solutions. Arsenic sulfide As 2  S 3  
contains more than 60 % As, while iron arsenate (the main arsenic-
containing compound in lime precipitation) contains about 35 % As. 
In distinction from the sulfide technique, the precipitate obtained with 
lime purification contains considerable amounts of calcium sulfate 
and iron hydroxide. Thus, the separation of arsenic sulfide is better 
than its separation in the form of iron arsenate, since the arsenic is 
precipitated in the form of a poorly soluble (SPA52 53 = 4.10 -29 ), low 
toxic compound, with a higher arsenic content of the precipitate. 

We have considered the separation from bacteria-containing solu-
tions of two classes of poorly soluble compounds: the precipitation of 
hydroxides and sulfides. Depending on the material composition of 
the concentrate being treated for extracting metals from solutions and 
removing admixtures from them one can use ion exchange and extrac-
tion processes, reduction of metals by gases, crystallization from solu-
tions, separation of metals by cementation. The application of one or 
another method depends on the tasks being tackled in a combined 
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flowsheet: the production of harmful wastes for disposal, of semi-
products or commercial products. 

Settling, filtering and washing are essential operations in the bac-
terial leaching process. These operations are associated with the sepa-
ration of heterogeneous dispersion systems involving an aqueous 
solution, implemented by the mechantcal transfer of phases. They are 
not, as a rule, accompanied with chemical reactions; their regularities 
are determined by hydrodynamics which largely depend on the design 
of equipment and conditions of their exploitation. 

II. CONCENTRATES TREATMENT FLOWSHEET 
INVOLVING BACTERIAL LEACHING 

An important feature of tank leaching is that, when combined with 
other processing techniques, it requires much higher process rates, 
incommensurable with the leaching rates of the underground and dump 
techniques. 

As pointed out above, the high selectivity of the process allowing 
to use it for different purposes in the treatment of concentrates, de-
termines the practical value of bacterial leaching in tanks. 

Let us take a few instances of using the tank leaching process for 
the treatment of concentrates. In all variants a single process resolves 
fundamentally different production tasks: the recovery of finely dis-
persed gold from refractory arsenopyrite-pyrite concentrate, removal 
of arsenic as a harmful admixture from copper-tin products, selective 
leaching of zinc from hard-to-dress ollective copper-zinc concentrates. 
The flowsheets for the treatment of concentrates are combined so 
that along with bacterial leaching, dressing and hydrometallurgical 
processes are used. 

1. Treatment of Refractory Gold-Arsenic Concentrates 

As pointed out above, bacterial leaching in tanks is one of the most 
effective methods of releasing finely dispersed gold from arsenopyrite-
pyrite concentrates. A gold-arsenic flotation concentrate containing 
8.4 % arsenic, 24.1 % iron, and 26.6 % sulfur was subjected to bacterial 
treatment. The ore portion of the concentrate is represented by sulfide 
minerals - pyrite and arsenopyrite at a ratio of 2:1. Gold is predomi-
nantly associated with arsenopyrite and partially with pyrite. 

Experiments were conducted using a continuous-flow scale-up 
installation; Fig. 4 presents the hardware schematic description of the 
installation. 

The equipment employed is made of acid-resistant steel X181-110T. 
For bacterial leaching of the concentrate, pulp from contact tank 
CT-i (1) is continuously fed by air lift to Pachuka tanks. Between 
Pachuka tanks, the pulp moves gravitationally, according to a direct- 
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flow scheme. The first four Pachuka tanks cover leaching stage I. 
Leached pulp is fed to dehydrating cone (3) wherefrom solids are air-
lifted, if necessary, to the second contact tank (9) equipped with a 
stirrer (5), and are continuously fed into Pachuka tanks of leaching 
stage II. Liquid discharge of dehydrating cone (3),• via collector (4), 
is pumped to tank (11), filtered, if necessary, in nutch-filter (13), and 
is fed to contact tank (CT) (12>. Iron arsenates or arsenic sulfide 
are precipitated there adding corresponding reagents from tank (15). 
Pulp is transferred by pump (6) to collector (16) equipped with an air 
stirrer, is filtered in nutch-filter, precipitate being collected in tank (17), 
to be buried consequently. Filtrate is accumulated in collector (8), 
and is used for leaching concentrate at stages I and II. Following 
stage II, pulp is fed to dehydrating cone; solids from the latter are 
collected in tank (10) and pumped to cyanation. To maintain the 
desired temperature in Pachuka tanks, each tank is equipped with an 
external casing (19) with continuous circulation of hot water heated 
in boiler (18). The pulp in Pachuka tanks is stirred with air from 
vacuum.pump RMK-2 (20) with receiver (21). Water-cycling vacuum-
pump used as a compressor partially humidifies the air, reducing 
evaporation losses in Pachuka tanks during the leaching.. The installa-
tion is equipped with an exhaust ventilation device. 

The concentrate was leached using T. ferrooxidans adapted to the 
conditions of leaching the gold-arsenic concentrate. The nutrient 
medium used for growing the bacterial culture contained salts of 
nitrogen, magnesium, chlorine, phosphorus, and iron. The pH values 
of the medium were brought to 2.2-2.4 with sulfuric acid. 

Bacterial leaching was carried out in a closed cycle by two stages 
in 9 Pachuka tanks: 4 for the first stage and 5 for the second one. 
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Before delivering the concentrate for the second stage the pulp was 
thickened in a cone thickener. The cone discharge containing arsenic 
and other elements was channelled to regeneration for further use in 
the leaching process. The thickened product was delivered to the 
second leaching stage. The number of bacterial cells in the leaching 
process was as high as 10 8 -109  per 1 ml of pulp. 

The results of these scale-up tests are given in Fig. 5. This figure 
demonstrates that the bulk of the arsenopyrite in the concentrate is 
oxidized in 48 hours during the first leaching stage. The content of 
arsenic sulfide drops from 8.4 to 3.14 and its oxidation reaches 
77.9 %. 

During the 60-hour-long second stage of bacterial leaching the arse-
nic sulfide content of the concentrate drops from 3.14 % to 2.11 %, 
while the total oxidation of arsenopyrite is 86.13 %. The main reasons 
for the reduced arsenopyrite oxidation kinetics during the second 
stage are: 

reduced sulfide mineral content of the concentrate delivered 
for the second stage of leaching; 

the formation of slimes in the leaching process and precipitation 
from the solutions of the finely dispersed iron arsenates and hydro-
xides which cover the surfaces of arsenopyrite; 

decrease in the pulp's pH from 2.5 to 1.5, and increase in the 
concentration of arsenic (up to 4.5 g/l), iron (up to 7.0 g/l) and ions 
of other elements in the solution causing an inhibition of bacterial 
activity; 	 - 

the removal of iron, arsenic and sulfur from the solutions is 
also connected with a sharp change in pH values: in the beginning the 
pH rises from 1.5 to 3.2 and then drops to 1.7 during the second 
leaching stage. This also inhibits bacterial activity. 

Trials have shown that conducting the leaching process in two 
stages may be justified when the arsenic content of the input con- 
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ceñtrate exceeds 8.0 %. When conducting the process in a single stage 
the total leaching time should not exceed 90 hours for obtaining the 
same results as with the two-stage leaching. 

The precipitation of arsenic, iron and sulfur following bacterial 
leaching was carried out with a 10-20 % lime suspension. At pH 
2.9-3.3 at least 90 % of arsenic precipitates. 

The precipitate formed during neutralization is separated by de-
canting and filtration, while the filtrate, acidified to pH 2.0-2.2, is 
used as a leaching solution. 

The residue obtained in the process of bacterial leaching is subject-
ed to cyanation (S:L = 1:2-4; KCN — 0.1 %; CaO - 0.01-0.02 %). 
With cyanation of the leaching residue, gold extraction amounts to 
88-92 %, while in cyanation of the input concentrate, it amounts to 
7-10 % only. 

Such a higher recovery of gold by cyanation gives grounds for 
believing that the combined flow sheet involving bacterial leaching for 
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recovery of gold is promising for the treatment of gold-arsenic con-
centrates (Fig. 6). 

The bacterial tank leaching process is particularly important in 
extracting gold from concentrates with a high arsenic content exceed-
ing 20 % As. At present, an efficient technology for metallurgical 
treatment of such concentrates is not available. 

Bacterial leaching technology for such concentrates requires special 
regimes to be developed: use of adapted bacterial culture, direct-flow 
scheme, and concentrated biomass. 

Gold-arsenic concentrate of a deposit contained 290 g/t gold, 
20.3 % arsenic, 20 % sulfur, 20 % iron and small amounts of quartz, 
copper, and lead. Particle size of 100 % of the concentrate was 
- 0.074 mm. Bacterial leaching with a T. ferrooxidczns culture was carried 
out in an installation comprising three successive fermentors of 1.5 1 
each. The pulp was agitated mechanically, and aerated by means of a 
compressor producing 3 1 of air per 1 1 of pulp per minute. Leaching 
was carried out according to a direct-flow scheme. The input con-
centrate and recycle solutions were fed to the first fermentor (S:L = 
= 1 :4-5), the pulp was discharged from the third fermentor. Solution 
was separated from leaching residues, bacterial cells were removed, and 
the solution was channelled to arsenic and iron removal using conven-
tional techniques. The isolated biomass and purified solution were 
recycled. Leaching residues, treated with sulfuric acid solution to 
dissolve iron arsenates, were tested for sulfide arsenic content. 

Principal leaching parameters: 
pulppH 	.............................. 	1.7; 
redox potential ........................ 600-750mV; 
total iron ............................. 8.0-15.0 g/l; 
total arsenic ........................... 6.0-12.0 g/l; 
oxidative activity of solutions versus Fe 2  . . . . 2.0-5.0 g/l.h; 
cell concentration in solution (wet wt) ...... 2.0-5.0 g/l; 
temperature ........................... 28-3 0 
It can be seen from the above data that the concentrate leaching 

regime differed from those of earlier trials. The main difference consist-
ed in the high concentration and activity of bacterial cells. In all the 
previous cases, the concentration of cells in leach solution did not 
exceed 1.0 g/l, oxidative activity, 0.5-1.06 g/l.h. 

Leaching results revealed that during 50-60 hours, in one stage 
leaching, the sulfide arsenic content of the residues decreases from 
20.3 % to 4.1 % with extraction exceeding 91 %. In the future, subject 
to optimization of parameters and of scheme, leaching time may be 
reduced to 20-30 h with the arsenic oxidation exceeding 95 %. 

2. Flow Sheet for Treating Copper-Arsenic-Tin Concentrate 

The main task in processing copper-arsenic-tin concentrates is the 
selective removal of arsenic as a harmful admixture and preparation 
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of copper and tin concentrates from the leaching residues. The flow 
sheet has been worked out for application at the deposits of the Sol-
nechny concentration plant. The ores of this deposit are distinguished 
for the diversity of the mineral composition and close inter-impregna-
tion of cassiterite with copper and arsenic sulfides. Arsenic is a harmful 
admixture and its removal presents considerable difficulties in flotation 
separation of chalcopyrite and cassiterite. 

The flow sheet for processing this concentrate envisaged the 
removal of arsenic by bacterial leaching combined with the production 
of standard tin and copper concentrates from the residues by the 
flotation technique. Copper, arsenic, and iron sulfides occur in the 
concentrates in approximately equal proportions (chalcopyrite 22.5 %, 
pyrite 23.5 % and arsenopyrite 24.7 %). The other minerals are repre-
sented by quartz, feldspars, tourmaline, etc. The concentrates' che-
mical composition includes on the average 11 % arsenic, 7.5 % copper, 
1.41 % tin, 25.4 % sulfur and 35.2 % iron. 

Before starting bacterial leaching the input product is ground so 
that 98 % is - 0.08 mm in size, and is treated with a sulfuric acid solu-
tion for the removal of soluble copper compounds. About 7 % of the 
total copper in the input concentrate is solubiized. After the separation 
of the solid and liquid phases the solution containing 3.0 g/l copper is 
pumped for cementation, while the concentrate is delivered into 
Pachuka tanks for bacterial leaching. The flow sheet underwent trials 
in an installation described above for leaching the gold-arsenic con-
centrate. The installation's output was 50-60 kg/day at an S:L = 
= 1:5-4. The culture of T. ferrooxidans, preliminarily adapted to 
leaching conditions, was used in the trials. 

Regenerated recycle solutions were used for scale-up bacterial 
leaching of concentrates. In distinction from the flow sheet for the 
leaching of gold-arsenic concentrates, the regeneration of bacterial 
solutions in the scale-up version inc1uded, in addition to arsenic precipi-
tation, also cementation of copper on iron shavings and the bacterial 
oxidation of ferrous oxide (regeneration of ferric oxide sulfate) before 
delivering the solutions to the first Pachuka tank. The neutralization of 
solutions with pH 1.5-1.6 was conducted with 10 % lime suspension. 
The trials for arsenic precipitation from solutions demonstrated that 
at pH 2.8-3.1 at least 95 % of arsenic is precipitated. The precipitate 
of iron arsenates and hydroxides was separated by filtering, the filtrate 
containing 1-2.9 g/l iron, 0.2-0.9 g/l arsenic and 2.0-2.7 gIl copper. 
Lime expenditure for the precipitation of iron and arsenic was 
25-30 kg/t of concentrate, with precipitate output exceeding 30 % 
of the input concentrate. 

Following the precipitation of arsenic the copper was subjected to 
cementation on iron shavings. The solutions were preliminarily acidified 
with sulfuric acid to a pH of 1.8-2.0. Cementation time was 
1.5-2.0 hours. The recovery of copper from the solution reached 
80-90 %. Following the precipitation of arsenic and cemented copper 
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the bacterial iron-oxidizing activity in the barren solutions dropped 
from 0.29 to 0.1 g/l per hour. In order to restore this oxidative activity, 
the solutions containing after cementation up to 2.0 g/l Fe 2  were 
delivered into a separate Pachuka tank for aeration at 30 °C until 
bivalent iron was completely oxidized. A small quantity of the input 
concentrate was added to the same Pachuka tank. The solutions rege-
nerated in this way were recycled. 

The diagramme for testing the flow sheet of bacterial leaching of 
tin-copper-arsenic concentrate is represented in Fig. 7 and the metal 
balance in Table 1. 

Following removal of arsenic by bacterial leaching, the tin-copper 
material was subjected to seleciive flotation separation to obtain indi-
vidual copper and tin concentrates. 

The bacterial leaching-flotation flow sheet provides for selectively 
producing from an input collective tin-copper-arsenic material (con-
taining 11.0 % arsenic, 1.41 % tin and 8.03 % copper) 20 % tin and 
16.0 % copper concentrates with the recovery of 84.6 and 92.3 % of 
tin and copper from the input material respectively. The arsenic con-
tent of the selective concentrates does not exceed 2.0 % and they may 
be used for the recovery of metals by existing metallurgical techniques. 
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Table 1 
Metal balance of flow sheet for bacterial processing of tin-copper•arsenic 

concentrate 

Material Yield,% 

Content, % Extraction, % 

su lui- 
de ar- total . tin cop- sulfde total I 

1 
COP 

senic arsenic per arsenic arseIic I per 

Residue fol- 82.6 1.7 9.2 1.7 8.28 7.4 69.4 100.0 85.2 
lowing bac- 
terial leach- 
ing 
Arsenate 25.4 - 12.9 - 0.79 - 29.9 - 2.5 
precipitate 
Cemented 1.2 - 0.5 - 82.0 - 0_1 - 11.8 
copper 
Solution - - 3.2 g/l - 0.2 g/l - 0.6 - 0.5 
Input con- 100.0 11.0 - 1.41 8.03 - 100.0 100.0 
centra te 

~100.0 

3. Flow Sheet for Treating Copper-Zinc Concentrates 

The flow sheet for bacterial leaching of zinc and obtaining com-
mercial products has been elaborated for the collective concentrates 
of metacolloidal coppei-zinc ores. The average metal content of the 
input product was 13.4 % zinc, 6.24 % copper, 0.049 % cadmium, 
28.4 % iron, 38.31 % sulfur, 0.4 g/t gold, 47.9 g/t silver and 0.68 % 
lead. 

The size of the input concentrate was 95.7 % of the class of minus 
80 pm (82.5 % of the class - 40 pm), with 87-89 % of copper and zinc 
represented in the particle class of -40 pm. 

A typical feature of the concentrate is that sphalerite is represented 
by finer granules than chalcopyrite and pyrite. A culture of T. ferro-
oxidans was used in the tests in the treatment of copper-zinc concen-
trates, the bacteria having been preliminarily adapted to copper-zinc 
concentrate in a continuously operating pilot installation. 

It has been demonstrated that in the process of leaching of a 
collective copper-zinc concentrate, iron, sulfur, cadmium and other 
elements are solubiized, apart from copper and zinc. Table 2 presents 
the average analytical results of the liquid pulp phase obtained in the 
process of leaching of concentrate at S:L = 1:5, and the output in 
solid terms was 60 kg per day. 
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Table 2 
Analytical results of liquid pulp phase (S:L = 1:5, t = 27-35 °C, 

output by solid = 60 kg per day) 

Parameters 
Con- 
tact 
tank 

Pachuka tank numbers 

1 2 (Ct)  3 4 5 6 

pH 2.41 2.39 2.3 1.98 1.76 1.77 1.78 
Fe, g/l 0.59 0.68 0.5 1.69 2.25 2.55 3.24 
Fe 2 , g/l 1.45 0.47 0.55 0.24 0.33 0.45 0.17 

Fe, g/l 2.04 1.15 1.15 1.93 2.53 3.0 3.41 
Concentration of copper in 1.08 1.26 1.41 1.53 1.71 1.83 1.94 
solution, g/l 
Concentration of zinc in solu- 11.36 14.43 16.91 19.19 21.59 22.57 22.44 
tion, g/l 
Bacterial activity in solution 0.26 0.71 0.85 1.06 1.02 0.9 0.88 
in terms of Fe3*  oxidation, 
g/l •h 

Following the removal of iron and partially of sulfur from the 
solutions, copper and cadmium were precipitated by cementation. For 
the precipitation of these elements a zinc dust was used, 100 % of size 
class of minus 0.074 mm. 

The cementation of copper and cadmium was carried out at a pH 
value of about 2.5-3.5. 

Precipitation of zinc from solutions. When conducting scale-up 
trials the method of zinc precipitation from solutions with soda was 
used. The solution, after extracting copper and zinc from it, was fed 
to a container added to which was a 20 % soda solution (90 % activity) 
to obtain pH 6.3-6.6. Maximum precipitation time was 30 minutes 
with aeration agitation. 

Investigations into the precipitation of zinc during scale-up trials 
demonstrated the reliability of obtaining commercial zinc products 
with a zinc content of up to 48.6 %. The process is practicable and 
easily controlled. Admixture content may be regulated by modes of 
precipitation of iron, copper, and cadmium during preceding opera-
tions. 

In bacterial leaching of collective copper-zinc concentrates, due to 
selective leaching of sphalerite, the copper content of the residues 
increases by an average 12-20 % relative, depending on the quantity of 
metals solubiized. 

With the copper content of the input concentrate being low 
(6.24 %), even in cases of complete zinc extraction into the solution, 
it is impossible to produce a standard copper concentrate by means of 
bacterial leaching. Copper concentrate must be obtained from the 
leaching residues by flotation. 
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A quality-quantity diagram was calculated for collective concen-
trates from the trial results of bacterial leaching flow sheets for copper, 
zinc, and cadmium (Fig. 8). 

Table 3 gives the technological data of scale-up trials, while Table 4 
presents the metal balance. 

As the data indicate, the proposed flow sheet allows to obtain three 
commercial products - copper concentrate, copper-cadmium cake and 
a zinc product. The processing of the first two presents no difficulties. 
The zinc product may be treated together with rotary-kiln processed 
ZnO and slag sublimates. Also advisable is the variant in which the 
hydrate-carbonate material is used as the neutralizer in the preliminary 
solution neutralization cycle in the hydrometallurgical treatment of 
zinc cakes at the metallurgical plant. 

CoIlectve copper zinc 
concentrate 

Bacterial leaching 
S:L=l:4 TpH 1.8-2.0 

tion 

Cake I 
Discharge 

Concentration of bacteria 	Copper flotation 

J BiomQSS 	 I 
Discharge 	Tailings 	Copper Coo 	 concentrate 
Precipitation of iron 

Discharge 	
3.0 

Iran hydroxides. 
sulfates 

4a2 S 	
Capper- cadmium cementation 

or\ 	Dtscharge 

Copper- cadmium 

Precipitation of zinc 	
qulce 

 

carbonate 
or zinc sultide 

Fig. 8. Flowaheet for bacterial-chemical treatment of collective 
copper-zinc concentrates 
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Thus, the investigations carried out demonstrate that the technique 
of bacterial leaching in tanks is very effective for the treatment of 
refractory concentrates. Further pilot production tests will allow to 
evaluate the economics of this method as a basic criterion of its prac-
tical utilization for the treatment of ores and concentrates by the 
method of bacterial-chemical leaching in tanks [8]. 

Tabk' 3 
Bacterial leaching specifications 

Material Yield, '- 
Content, 	c Extraction. 

Cu Zn Cu Zn Cd 

Residue following 75.1 6.99 3.95 84.1 22.1 22.4 
bacterial leaching 
Solution after 24.9 1.98 20.97 15.9 77.9 77.6 
leaching, g/l 
Input concentrate 100.0 6.24 13.4 100.0 100.0 100.0 

Table 4 
Metal balance and flow sheet technological data 

- 

Material Yield. 
Content. 	- - 	 Extraction. '- 

Cu Zn Cu Zn _Cd 

Copper concentrate 25.75 16.33 7.79 67.37 14.97 
of basic flotation 
Copper-cadmium 1.7 55.5 10.8 15.08 1.37* 75.0 
cake 
Total copper in 27.45 18.74 7.98 82.45 75.0 commercial pro- 
ducts 
liydrate-carboiiate 24.0 0.18 45.2 0.32 81.09* 
of zinc 77.31 
Copper flotation 49.35 2.12 1.94 16.73 7.13 
tailings  
Iron hydroxides 15.0 0.2 0.5 0.5 0.59 
and sulfates 
Input cOncentrate 100.0 6.24 13.4 100.0 105.15 100.0 

100.0 
Zinc dust 1.0 - 69() - 5.15' - 

* - Including zinc dust (zinc) added for t'opp- cementation. 
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INTRODUCTION 

The microbiological method employing Thiobacillus ferrooxidans 
cultures is used at present in dump and underground leaching of copper 
and uranium. Another promising technique is tank bacterial leaching 
which is utilized to separate difficult-to-dress concentrates and in-
dustrial products and to remove harmful impurities, such as arsenic, 
from them. A disadvantage of these methods is an insufficiently high 
rate of the process, which ultimately determines the latter's efficiency. 
The tank leaching process takes from 7 to 30 days in the case of batch 
cultivation, while in continuous cultivation the time required is bet-
ween 100 and 180 hours [1, 2]. 

The long duration of bacterial leaching is due in part to the low 
rate of multiplication of T. ferrooxidans (the generation time in the 
pulp is about 6 hours), so that the biomasg needed to accomplish 
oxidation is accumulated slowly. Under conditions of batch or chemo-
stat cultivation the concentration of T. ferrooxidans is usually below 
106  —iOu  cells/ml (0.025 00  g of dry weight per liter). Data on the 
relationship between the rate of leaching and concentration of bacteria 
have been reported in the literature [3, 41. For example, experiments 
involving biological leaching of copper-zinc concentrates have shown 
that an increase in the bacterial biomass concentration to 2.4 g/l (dry 
weight) markedly intensifies zinc leaching, particularly the first stages 
of the process, and allows to reduce the leaching time by 80 %. A 
factor that inhibits multiplication of T. ferrooxidans is a high concen-
tration of trivalent iron accumulated in the medium as a result of the 
bacterial metabolism [5]. A cultivator employing electrochemical 
reduction of trivalent iron makes it possible to obtain the biomass 
concentration up to 5 g of dry weight per liter [ 6 ]. 

The aim of this work is to investigate the effect of the initial 
biomass quantity on the rate of oxidative processes in underground 
leaching solutions and in the course of tank leaching of arsenopyrite-
containing concentrates. 
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MATERIALS AND METHODS 

The biomass of T. ferrooxidans was grown in a cultivator containing 
an electrochemical cell which reduces trivalent to bivalent iron at the 
cathode, bivalent iron being the energy substrate for the bacterial 
growth. The biomass concentration that can be obtained in the culti-
vator using a modified synthetic medium 9K, is up to 5.0 g of dry 
weightper liter [6, 71. 

The following T. ferrooxidans strains were used: 
K-i - a non-adapted strain grown in the cultivator using electro-

chemical reduction of iron on the modified 9K medium; 
K-4 - a strain adapted to high arsenic concentrations through 

cultivation on arsenopyrite-containing concentrates; 
K-5 - a strain obtained by growing the arsenic-adapted strain K-4 

in the cultivator with electrochemical reduction of iron for 
72-96 hours. 

The biomass concentrations of these strains used in the test work 
were 2.5; 0.025; and 2.5 g/l, respectively. 

Experiments on microbiological oxidation of iron in underground 
leaching solutions and on leaching of arsenopyrite-containing concen-
trates were carried out by the batch method in a one-liter reactor 
equipped with a mechanical stirrer of the turbine type (1000 rpm) 
and automatic pH control. The temperature was 30 °C and the air was 
supplied at the rate of 4 liters per.  minute. 

The kinetics of bacterial leaching of iron was studied using in-
dustrial and simulated solutions of underground metal leaching having 
the following composition: FeSO 4  9H2  0 - 4 g/l; Al 2  (SO4  ) - 
- 3.8 g/l; MgSO4  - 6.0 g/l; CaC12  - 1.37 g/1; NaNO3  - 0.6 g/l; 
Na2  SO4  —10 g/l; pH 1.5. 

The arsenopyrite-containing concentrate used was a mixture (1:3) 
of flotational and gravitational concentrates ground to —74 pm and 
containing 8.5 % arsenic, 18 % iron, 17 % total sulfur, and 20 % carbon. 
The concentrate was composed of 55 % arsenopyrite and 44 % pyrite. 
Distilled water with pH 2.0 (adjusted with H 2  SO4 ) was used as the 
leaching solution. 

Arsenic in solution was assayed iodometrically and in the solid 
phase, by X-ray spectroscopy, the iron content of the solution was 
determined by the complexometric technique with EDTA. The amount 
of biomass was found from the volume of the pellet after centrifugation 
(g of total biomass per liter), and the dry weight was calculated using 
an experimentally found coefficient of 0.25 (dry matter content of 
the total bacterial biomass). The activity of bacteria was determined on 
the basis of the rate of Fe 2  oxidation in 50 ml funnels equipped with 
a bubbler and containing the 9K medium and 9 g/l iron (15 ml of 
medium plus 5 ml of the solution). 
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RESULTS 

The rate of oxidation of Fe2  by T. ferrooxidans grown on 9K 
medium with the initial biomass concentration of 0.025 g/l is 5 times 
lower in underground leaching solutions than in the 9K medium where 
it equals 0.6 g/l per hour. This can be accounted for by the presence 
in the solutions of bacterial inhibitors such as NO and Cr -  ions as well 
as by the effect of high magnesium and aluminium concentrations. 
However, when the K-i strain with the biomass concentration of 
1.0 gIl (dry wt) was used, therate of iron oxidation for both the 9K 
medium and underground leaching solutions increased to 15 g/l per 
hour regardless of the content of inhibitors (Fig. 1). The use of a 
concentrated culture therefore allows not only to markedly increase 
the rate of bacterial oxidation of iron but also to make the oxidative 
activity of bacteria resistant to inhibition by ions in the medium. 

(2 	

119 Fig. 1. Effect of T. ferrooxidans bio- 
mass concentration on the rate of 	- 

Fe oxidation in the solution: 
1 - 9K/2 solution; 2 - underground 	6 - 	 -- 

Cu leaching solution 	 LL 

CD 

CJ 

0.2 	QL 	0.6 	u.s 	iO 
Biomass concentration) 9, 

Experiments with bacteriochemical leaching of arsenopynte-con-
taming concentrates by the tank method were performed in order to 
find out the relationship between the rate of arsenic leaching and the 
initial biomass concentration of T. ferrooxidans (in the range between 
O and 5.0 g of dry weight per liter), solid:liquid ratio (1:10 to 1:2.5) 
and ferrous sulfate content (up to 20 g of iron per liter). Also studied 
was the effect of electrochemical cultivation on the adaptive properties 
of the bacteria. 

It has been shown that the rate of arsenic extraction is a function 
of all the three parameters studied (Figs. 2, 3, 4) When the iron con-
centration in the solution is optimal (10 g/l) and S:L equals 1:5, the 
growth of the initial biomass concentration of strain K-i from 0 to 
5.0 g/l increases arsenic extraction in 27 hours from 0.7 to 8.0 g/l. 
Iowever, biomass concentrations in excess of 2.5 g/l are inexpedient 

since the rate of arsenic extraction is increased only slightly. 
Experiments aimed at finding an optimal S:L ratio have shown 

that maximum arsenic extraction for the initial biomass concentration 
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Fig. 3. Effect of pulp density (per 
cent solid) on the rate of arsenic 
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1 - as concentration after 27 hours of 
leaching; 2 - extraction of As after 
27 hours of leaching; 3 - residual 
Fe 2  concentration in the solution. 
Biomass - 2.5 g/l dry weight (X) 

(strain K-i) 

of 2.5 gIl occurs at S:L = 1:10 and minimum extraction, at S:L = 
= 1:2.5 (Fig. 3). The rate of Fe 2  oxidation also drops at higher pulp 
d'ansity (Fig. 3, curve 3). Since at S:L = 1:10 65 % of arsenic is 
€xtracted during 27 hours as compared to only 20 % for the high 
pulp density (S:L = 1:2.5), one may suppose that it is the whole 
complex of pulp components rather than arsenic ions alone that inhibit 
the bacterial oxidation at high pulp densities. An increase in the initial 
biomass concentration to 5 g/l (2-fold) at S:L = :1:2.5 does not signi-
ficantly enhance arsenic extraction, suggesting that the inhibition at 
this pulp density is not due to a deficiency of bacteria. However, in 
spite of the high rate of oxidation at low S:L ratios, this process is not 
profitable economically. Therefore, our experiments with leaching of 
arsenopyrite-containing concentrates suggest that the pulp with S:L = 
= 1:5 is most suitable for the purpose. At this pulp density arsenic 
extraction in 27 hours is 55 % (for the initial biomass concentration 
of 2.5 g/l and 10 g/l iron). 
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Fig. 5. Kinetics of arsenic leaching 
from a gold-arsenic concentrate 

(S:L - 1:5): 
X - bacterial biomass; 	1 - K-4 
strain, X'-0.025 g/l; 2 - K-i strain, 
X=2.5 gil, Fejt 	0; 3 - K-i strain, 
X-2.5 g/l, Fet 	10 g/l; 4 - no 
lacteria, Fe 1t 	10 g/l; 5 - K-5 
strain, X-2.5 gil, 	 init. 	10 g/l 

Fig. 5 shows time course of oxidation for the non-adapted strain 
K-i (2.5 g/l) (Fig. 5, curve 3) and adapted strain K-4 (Fig. 5, curve i) 
which has been grown on the concentrate (at 0.025 g bacteria per 
liter, 10 g/l iron and S:L = 1:5). In the case of strain K-i leaching 
occurs at a high rate immediately after inoculation of the pulp with 
a large amount of biomass, and the highest rate of arsenic extraction 
is observed during the first 4-6 hours. However, when a small amount 
of biomass of the adapted strain K-4 was used, the oxidation rate 
increased slowly, which was due to multiplication of the bacteria and 
accumulation of the bacterial biomass in the pulp. Therefore, a high-
rate tank leaching of arsenopyrite concentrates cannot be effectively 
accomplished with cultures having the concentration of 0.025 g/l 
(or 106  -107 cells/mi) because the rate of oxidation processes, irres-
pective of the adaptation of bacteria to substrate, sharply rises only 
after accumulation of the biomass, which markedly lengthens the 
overall time of leaching. 
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To accumulate a large amount of biomass of concentrate-adapted 
bacteria, the strain K-4 was grown in the electrochemical cultivator 
on a modified 9K medium for 96 hours. At the initial stage of the 
experiment, the strain K-5 thus obtained (cell concentration was 
2.5 g/l) oxidized the arsenopyrite concentrate at the same rate in the 
presence of 10 g/l Fe3  as did the non-adapted strain K-i (Fig. 5, 
curves 3 and 5). However, after 30 hours when 7 gIl arsenic was accu-
mulated in the medium the oxidative activity of strain K-i began to 
fade away rapidly while strain K-5 was still active and by 65 hours 
there was 9.5 g/l arsenic in the solution, the extraction efficiency 
being 80-90 %. Besides, the concentrate-adapted strain K-5 retained 
its activity at a sufficiently high level (about i g/l-h) even at 11.5 g/l 
arsenic in the solution while the non-adapted strain K-i was completely 
inactive at 7.3 g/l arsenic (Fig. 6, curves 1 and 2). 

The rate of iron oxidation did not increase after a fresh biomass 
(2.5 g/l) was added 70 hours after the beginning of leaching (Fig. 5, 
curve 2). 

Therefore, to ensure a high efficiency of leaching of arsenic -c ontain-
ing sulfide concentrates it-is necessary to use a high concentration of 
bacteria adapted to all extreme factors in the dense pulp (arsenic, pH, 
S:L, etc.). 

As menfioned above, the bacterial leaching can be accelerated by 
supplying the pulp simultaneously with the concentrated biomass 
and bivalent iron at the concentration between 0 and 20 g/l. In the 
course of 2 to 3 hours all of the bivalent iron was oxidized by bacteria 
to trivalent iron. Maximum rate of arsenic extraction was obtained 
after feeding the pulp with 9-11 g/l bivalent iron together with 2.5 g/l 
biomass of strain K-i (Fig. 5, curve 3). Arsenic solubiization during 
30 hours was two times higher than in the absence of iron (Fig. 5, 
curve 2). These results suggest that the presence of trivalent iron which 
is an oxidizer of the surface of sulfide minerals, creates better condi-
tions for leaching. 
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A further increase in iron concentration up to 20 g/l results in 
slowing down of the oxidative process (Fig. 2, curve 1). At 20 g/l 
iron only 2 g/l arsenic is solubiized during 6 hours, and the process 
then is abruptly decelerated due to inhibition of bacterial activity 
with high concentration of trivalent iron. That high Fe 3  concentra-
tions are indeed inhibitory to the oxidative activity of the bacteria 
also follows from the fact that at 20 g/l iron the bacterial activity drops 
from 10 to 1 g/l.h after one hour (Fig. 6, curve 3). At 10 g/l iron the 
activity dropped only to 5.3 g/l.h after one hour and after 12 hours 
it remained at the 1.0 g/l.h level (Fig. 6, curve 2). 

To reveal the role of the chemical factor in biological leaching, 
10 g/l trivalent iron was added together with thymol as antiseptic. 
In this case only 1.7 g/l arsenic is solubilized in 30 hours as compared 
to 8.0 g/l for biological leaching of the same duration (Fig. 5, curves 3 
and 4). The efficiency of chemical leaching is thus markedly lower 
compared to the biological process, confirming the importance of 
T. ferrooxidans as the biochemical catalyst of leaching. 

CONCLUSION 

For intensification of iron oxidation in dump and underground 
leaching solutions as well as for tank leaching of refractory arseno-
pyrite-containing concentrates, high density of bacterial biomass 
(2.5 g/l) adapted to all factors occurring in the leaching process, may 
be efficiently used. 

The intensity of leaching of arsenopyrite-containing concentrates 
is markedly enhanced after adding to the pulp 10 g/l Fe 21  together 
with the concentrated biomass. If the initial concentration of Fe 2  
is increased to 20 g/l, the leaching process is inhibited because of the 
rapid generation of Fe 3  which is a competitive inhibitor of bacterial 
oxidation processes. 

The chemical oxidation of arsenopyrite is relatively slow, and 
cannot ensure a high efficiency of leaching. 
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SCIENTIFIC FUNDAMENTALS OF TECHNOLOGY 
OF TANK LEACHING OF URANIUM 
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CONVENTIONAL TECHNIQUES OF URANIUM EXTRACTION 

The extraction of uranium from its ores is currently carried out at 
commercial scales in agitated stirred leach tanks in open systems for 
sulfuric acid and in closed systems (autoclaves) for carbonate and bi-
carbonate leachings [1].  The choice between acid and alkaline processes 
is essentially dictated by the type of mineralization of the ore and the 
associated economics. Sulfuric acid is the most frequently used 
leachant [2] and the alkali solutions are preferred for ores associated 
with large quantities of acid consuming components such as carbonates 
and oxides [3]. The hexavalent uranium is readily soluble in the above 
leach solutions while the tetravalent uranium must first be oxidized 
by a suitable oxidant to the hexavalent state before dissolution occurs. 
The oxidation process is recognized to be an electrochemical reaction 
involving cathodic reduction of the oxidant and the anodic oxidation 
of tetravalent uranium [4-6]: 

Anodic oxidation: 

2UO 2  - 2U0 + 4e 	 (1) 

Cathodic reduction: 

	

02 +2H2 O+4-4OW 	 (2) 

Sum reaction: 

2UO 2  + 02 + 211 2  0 -* 2U0 + 40W 	 (3) 

The most frequently used oxidants are manganese dioxide and sodium 
chlorate [7-9], which are oxidizing ferrous ion to the ferric state that is 
interacting with tetravalent uranium, as shown in equations 4 to 6: 

2Fe2  + Mn02  + 4Et - Mn2  + 2Fe3  + 2112 0 	(4) 

6Fe2  + Cl0 3 + 6H -+ Cl-  + 6Fe3  + 3H 2  0 	(5) 

	

+ 2Fe 3  -# U6  + 2Fe 	 (6) 

The minute amount of iron required in the process is always avail-
able from the ore, most frequently in form of pyrite and metallic iron 



abraded from crushing and grinding operations. In more recent years, 
the use of hydrogen peroxide as a possible alternative of the above 
oxidizing agents has been proposed [10, 11]. 

In acid leaching, the ore is pulped to 60-70 % solids with a solu-
tion containing 3-50 g.l free acid and 0.5-3 g.17 1  of oxidant. The 
leach stirred tanks are often rubber lined to prevent corrosion. The 
leaching is carried out at 50-80 °C. The hexavalent uranium is dis-
solved in UO 2  (SO4  ) complex species in presence of excess of sulfate 
ion: 

	

UO2  + 1/202 + H2 SO4  —_H4  [UO2 (SO4 )3 1+ H2 0 	(7) 

The carbonate leaching is generally carried out in closed circuit, in 
which, the leach solution is continuously recycled. The ore is pulped 
to 30-60 % with a leach solution containing 40-60 g•r' Na2 CO3  
and 10-20 g.1- 1 NaHCO3  in stirred autoclaves at 75-95 °C under 
pressure of air at about 120-160 psi. Uranium is dissolved in 
UO2  (CO3  )t complex species. 

UO2  + 1/202 + 3Na2  CO3  + 2NaHCO3  Na4  [UO2  (CO3  ) J+ 

+ 2Na2  CO3  + H2 0 	 (8) 

The bicarbonate prevents the formation of sodium hydroxide which 
can reprecipitate uranium in form of diuran ate. 

A generalized and simplified fiowsheet of these uranium leach 
processes is given in Fig. 1. 

The recovery of uranium from the acid solutions is generally 
accomplished by solvent extraction or by solid ion exchange, as shown 
in the next equilibrium equation: 

U+E ~ EU 	 (9) 

In the first stage of this process, uranium, U, is transferred from the 
aqueous phase to the ion exchanger, E, as some complex, UE. This 
requires that the equilibrium in equation 7 be shifted to the right 
(loading). After separation of phases, uranium is recovered from the 
exchanger (stripping or elution) by an aqueous solution, which re-
quires that the equilibrium in equation 9 be shifted to the left. Uranium 
is then precipitated by ammonium, magnesium or sodium hydroxide, 
for example: 

	

2UO2  SO4  + 6NaOH - Na2  U2  07  + 2Na2  SO4  + 3H 2 0 	(10) 

The sodium diuranate is then dried and calcined to yield U 3  08. 
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The recovery Qf uranium from the carbonate leach solution can be 
accomplished directly from the clarified leach solution by addition of 
sodium hydroxide: 

2Na4 UO2 (CO3 ) 3  + 6NaOH Na2  U 2  07  + 6Na2  CO3  + 3H2 0 (11) 

Drying and calcining of sodium diuranate is similar to those indicated 
before. 

BACTERIAL LEACHING TECHNIQUE 

Bacterial mediated uranium extraction technique differs mainly 
from the conventional chemical approach by the fact that the iron 
oxidation (ferrous to ferric) is accomplished by the microorganisms. 
The ferric ion is the oxidation agent [12] for uranium as shown in 
equation 6. Therefore, we can write: 

UO 2  + Fe2  (SO4  ) - UO2  SO4  + 2FeSO4 	(12) 

2FeSO4  + H 2  SO4  + 1/2 02 bacteriaFe2 (SO4  ) + H 2  0 	(13) 

Therefore, the bacterial action in the solubilization of uranium is an 
indirect involvement. It provides and constantly regenerates the oxi-
dizing agent. In this respect, the role of bacteria is similar to the cata-
lysts in chemical processes. 

The best known microorganism involved in the solubiization of 
uranium from rocks and minerals is Thio bacillus ferrooxidans, which 
was first described in 1947 [13].  This microorganism plays also an 
important role in a variety of metal sulfide-bearing leaching processes 
[14-23]. The bacteria oxidize the pyrite associated with the uranium 
ore and resulting sulfuric acid and fernc sulfate 124-261: 

2FeS 2  + 7 1/2 02 + H 2 0 - Fe2  (SO4  ) + H2 SO4 	(14) 

Ferric sulfate is known to oxidize pyrite [27]: 

FeS 2  +Fe2 (SO4 ) 3  - 3FeSO4  +2S 	 (15) 
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The elemental sulfur produced in equation 15 will further be oxidized 
by the bacteria to sulfuric acid [28, 291: 

S + 11/202  + H2 bacteria0 	---~-H 2  SO4 	 (16) 

Laboratory scale studies have well demonstrated this capability 
of T. ferrooxidans [30-32]. The conditions, with regard to kinetic 
factors, for the bacterial oxidation of pyrite and metal sulfides are 
very important [33-3 7]. The laboratory techniques employed included 
shake flask [38, 39, 431, leach columns [33, 34, 40, 411,batch [42, 441, 
and continuous reactor [45] leachings. 

Industrial bacterial leaching of uranium-bearing ores and waste 
materials were carried out in heap, dump, and in situ underground 
operations [46-52]. The economic advantage of biological over non-
biological processes was specified [53].  The rate of uranium dissolution 
was related to the efficiency of bacterial pyrite oxidation. 

TANK LEACHING TECHNIQUE 

This method is particularly useful for evaluating the leachabiity 
of uranium ores and provides for easy control of all the important 
parameters influencing the bacterial activity. The interpretation of the 
results of tank leaching experiments also may contribute to a future 
acceptance of the biohydrometallurgical leaching technique for reco-
very of metals from minerals, which are presently recovered by the 
conventional extractive hydro- and/or pyrometallurgy. 

INFLUENCE OF OXYGEN 

Bacterial leaching of a uranium ore is an oxidation process which 
requires transfer of large amounts of oxygen and carbon dioxide from 
air into the liquid medium. Oxygen is required for oxidation of ferrous 
iron and metal sulfides, and carbon dioxide for the growth of micro-
organisms [54, 551. For example, according to the next reaction: 

2_+ 202 bacte4a502_ 	 (17) 

32 g sulfide to be oxidized to sulfate, require 64 g oxygen to be trans-
ferred to the leach medium. One can anticipate that the most efficient 
bacterial leaching will be achieved when the bioreactor operates with 
the fastest rate of oxygen and carbon dioxide mass transfers, provided 
that the other growth conditions are maintained at optimum levels. 
Oxygen is a rather insoluble gas, the acid nutrient medium [56] saturat-
ed with air at 35 0C contains approximately 6 ppm of oxygen [ 57 ]. 
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Therefore, to take maximum advantage of bacterial activity, the oxygen 
mass transfer into the leach solution should be optimized. A measure of 
the oxygen mass transfer performance of a given leaching tank is 
expressed by the volumetric oxygen mass transfer coefficient, kLa, 
which can be evaluated experimentally [58, 59] using sodium sulfite 
solutions and the following form: 

dC  =kLa(C*_C) 	 (18) dt 

where dC/dt is the rate of oxygen mass transfer, C'' is the concentration 
of dissolved oxygen at saturation, C is the actual dissolved oxygen 
concentration of the leach medium and a is the interfacial area between 
liquid and gas per unit volume of liquid. After the kLa  value has been 
determined for different air flow rates, V, and agitation rate (rpm),, n, 
a plot of kLa versus Ai (aeration index) can be established as shown in 
Figure 2. The aeration index can be expressed as follows [61]: 

j-v 2 

A= 
aD? 	

(19) 

where D is the inside diameter of the leach tank, H is the liquid depth 
and D1  is the impeller diameter. As equation 19 indicates the aeration 
index is directly proportionate to the air flow rate and inversely pro-
portional to the rate of agitation. The maximum in the kLa  corresponds 
to a definite figure of aeration index, which expresses the best values 
for air flow velocity and rpm. Once these operational data (kLa,  V 
and n) are determined for a given leach tank, these should be kept 
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constant throughout the bacterial extraction of uranium in order to 
avoid limitation in the availability of oxygen. Similar determination 
can be carried out for carbon dioxide mass transfer using potassium 
hydroxide solutions. If higher oxygen and CO 2  concentrations are 
required, the partial pressure of 02 and CO 2  should be increased in 
air used for aeration. 

INFLUENCE OF TEMPERATURE 

The temperature range for the optimum activity of T. ferrooxidans 
is limited to 28-35 °C [39],  depending upon the origin of the strain 
of microorganisms and the composition of the ore (substrate). Once 
the optimum temperature is known, this should be maintained automa-
tically constant during the tank leaching of uranium ore. Therefore, 
it is preferable to use leach tanks equipped with heating and cooling 
devices. Deviations from the optimum temperature will slow down the 
rate of uranium extraction, as there are two competing factors to be 
considered in this process: 

Below the optimum value: the usual rise in the rate of uranium 
extraction with increase in the temperature as described by the tem-
perature coefficient, Q 10 : 

10 

Q10 
	

(20) k 

where k 1  and k2  are reaction rate constants at temperatures T 1  and T2  
respectively. The Q10 - value is two if the reaction rate constant of 
uranium extraction doubles for each 10 °C rise in the temperature. 

Above the optimum temperature: as the temperature increases 
the rate of thermal death of bacteria is increased. Above the optimum 
temperature, the thermal death (denaturation) becomes faster than the 
uranium extraction, as a result, slowing down the rate of extraction. 

INFLUENCE OF pH 

The bacterium, T. ferrooxidans, is acidophilic and grows well in 
the pH range of 1.5 to 3.5 [14]. When grown on uranium-bearing 
minerals, the optimum pH is situated around 2.3 [39].  However, ura-
nium ores containing large amounts of alkaline gangue should first be 
neutralized with sulfuric acid [421 to permit the bacterial growth. 
The microbiological leaching of uranium ores containing iron sulfides 
generates enough acid and ferric sulfate to self-maintain the process If 
properly initiated. 
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The tank leaching setup for uranium extraction should preferably 
be equipped with automatic control of pH. This is especially important 
in the initial phase of the leaching. Important information can be 
gained for the microbial leaching of uranium ores, by carefully studying 
the Eh - pH diagrams uranium - iron - sulfur systems [62, 631. 

INFLUENCE OF NUTRIENT CONCENTRATIONS 

Several nutrient media [56, 64, 651 are described in the literature, 
of which, the most frequently used one is from Silverman and Lund-
gren [56].  In a sulfide ore leaching situation only ammorilum sulfate 
and phosphorous source are required, because all other nutrients 
(KC1, MgSO4 , Ca(NO3 )2)  are available from the ore as impurities 
[66, 671. In the case of uranium ore leaching, it is possible that only 
ammonium sulfate will be required in the leach solution as suggested 
previously [52]. 

CONCLUSION 

Bacterial leaching of uranium ore is a commercially proven process, 
which involves the bacterially mediated oxidation of pyrite inclusions 
producing sulfuric acid and ferric sulfate (leaching agents): this process 
is practiced in heap, dump and in situ leachings for the recovery of 
uranium in South Africa, Portugal, Canada and is being introduced to 
practice in many other countries. The tank leaching technique was not 
yet attempted on an industrial scale for the bio-leaching of uranium 
ores. Flowever, the present standing of this new branch of hydrometal-
lurgy, called biohydrometallurgy, is ready to be used by the industry. 
The tank leaching of uranium could be carried out industrially by 
using an adapted version of the conventional tank leaching equipment. 
At the present time the commonly known thio-bacteria T. ferrooxidans 
and T. thiooxidans are expected to be used in the leaching of uranium 
ores. If, however, the bioengineering of these microorganisms succeeds 
and more resistant (to hydrogen and heavy metal ions) and faster 
metabolizing bacteria are produced, a further progress to industrializa-
tion of this tank leaching technique will be achieved. 
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TECHNICAL ASPECTS AND PROBLEMS OF THE 
CHEMICAL AND BACTERIAL LEACHING OF 

LOW-GRADE AND REFRACTORY COPPER ORES 

G.P. MERAZCHIEV, I.K. KESYAKOV, M.Ya. MIHAILOV 
Institute "NIPRORUDA", Sofia, Bulgaria 

INTRODUCTION 

The theory and practice of dump and underground copper leaching 
are intensively studied nowadays. Research efforts in many countries 
are aimed at the development of ways and methods of modelling, 
optimization, intensification and prediction of the process indices in 
full-scale conditions. Possibilities for the improvement of mining-tech-
nological leaching conditions, wider application of dump and under-
ground leaching and comprehensive utilization of the mineral resources 
are sought for. 

GENERAL DESCRIPTION OF THE LOW-GRADE AND REFRACTORY 
COPPER ORES FOR LEACHING 

By the technological features ores can be divided into the following 
basic types: 

First type: ores, in which copper is represented basically by oxidiz-
ed copper minerals or chalcocite. At this stage, practically all full-scale 
installations for dump and underground leaching extract copper from 
this type of ore. Depending on the content of pyrite and host rocks, 
soluble in sulphuric acid, the consumption of the latter changes but 
does not exceed 5 t/t of extracted copper. 

Second type: mixed oxidized and suiphide ores. The copper here 
is represented by a wide range of copper-bearing minerals: oxides, 
carbonates, silicates, copper and iron hydroxides, secondary and pri-
mary copper minerals. The pyrite content does not usually exceed 2 %. 
The host rocks contain components, soluble in sulphuric acid. 

Copper can be effectively extracted from suiphide and oxidized 
ores with a complex mineral composition by dump or underground 
leaching. Great difficulties are encountered in the extraction of copper 
from hydroxides which can be divided into three types (by their solu-
biity): containing copper soluble in sulphuric acid; containing copper 
soluble in cyanides; and containing copper insoluble in these solvents 
('50 % of the copper content of iron hydroxides). The composition of 
mixed oxidized and sulphide ores determines the specific technological 
features and problems of the application of chemical and bacterial 
leaching. For this type of ore the individual application of chemical or 
bacterial leaching is impossible, in view of the high content of minerals 
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soluble in sulphuric acid, and the low content of copper oxides and 
pyrite. Most suitable is the integrated chemical and bacterial leaching 
with the addition of sulphuric acid, which is conducive to the inten-
sified bacterial oxidizing processes, the sulphur acid consumption for 
the extraction of 60-70 % of copper is 20-40 kg/t of ore. 

Third type: suiphide copper-pyrite ores. Basic copper minerals are 
chalcopyrite and secondary suiphides. The characteristic feature of 
these ores is a comparatively high pyrite content (10 %), which makes 
only biocataiytic oxidizing processes suitable for copper extraction. 
As a result of the bacterial oxidation of pyrite the required amounts of 
sulphuric acid and ferric sulphate are obtained, thus pH of the leaching 
solutions is maintained constantly below 2, while the concentration of 
the ferric iron may reach 10 g/l and more. The leaching proceeds in 
two stages: in the first stage the secondary suiphides are mainly remov -
ed and the copper extraction may reach up to 5 % per month (in pilot-
plant conditions from ore with a size of —100 mm); in the second 
phase the chalcopyrite is removed and the copper extraction rate is 
about 1 % per month. The efficiency of leaching of this ore type 
depends mainly on the copper content, on the relative proportion of 
secondary sulphides and the ore amount. 

Fourth type: low-grade ore with primary suiphides and low pyrite 
content. The copper here is represented basically by chalcopyrite. A 
typical feature of this ore is that due to the low chalcopyrite and pynte 
content the possibility of copper extraction through bacterial leaching 
depends mainly on the sulphuric acid consumption for maintaining 
low pH values and on the rate of copper extraction. The leaching of 
chalcopyrite from these ores, even in laboratory conditions from ore 
with a size of —10 mm, proceeds at a low rate - below 1 % per month, 
which, combined with the requisite use of 20-30 kg sulphuric acid/t 
of ore makes the process economically unattractive at present. 

TECHNOLOGICAL PROBLEMS OF THE CHEMICAL AND 
BACTERIAL LEACHING OF LOW-GRADE COPPER ORES 

The copper extraction through chemical and bacterial leaching 
depends on many technological factors. If copper is represented by 
various copper minerals and the host rocks feature high solubility 
in sulphuric acid, the leaching proceeds in -three stages. In the first 
stage it is necessary to supply a certain quantity of sulphuric acid to 
neutralize alkaline ore components and attain pH <3.0. In this period 
minerals soluble in sulphuric acid are mostly removed. When pH of 
the leaching solution drops below 2.5, the intensive bacterial oxidation 
starts. As a result, copper is extracted both from the oxidized copper 
minerals and from the secondary suiphides. In the third stage mainly 
chalcopyrite and poor-soluble oxidized copper minerals and compounds 
are leached. 
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Copper from the secondary sulphides may be extracted at the 
highest rate under optimum conditions for bacterial oxidation. For 
example, in leaching ore sized 30-0 mm in a column 1 m high with 
a solution, containing Fe 2  = 4-8 g/l, T. ferrooxidans 106  cells/cm 3  
and pH = 1.5-2.1 for 420 days 90 % of copper is extracted from chal-
cocite and covellite, 15 % from chalcopyrite and 80 % from the oxi-
dized copper minerals. For the same leaching period about 55 % of 
pyrite is removed. 

The rate of chemical and bacterial leaching is dependent to a great 
extent on the ore granulometry which determines the degree of solu-
tion seepage and the oxygen diffusion. As may be seen from the experi-
mental data on Fig. 1, the copper extraction kinetics is proportional to 
the mineral surface exposed to the action of the leaching agents. The 
copper extraction rate from unit area depends also on the copper 
minerals' type. If the oxidized and secondary copper minerals predo-
minate and the host rocks have a higher porosity, the rate of copper 
extraction decreases nearly by one order (Fig. 1). When the minerals 
are dispersed and compact host rocks are dense, leaching proceeds in 
two stages. The first stage featuring a high leaching rate, in which the 
copper extraction exponentially decreases until a certain ore size is 
attained, is followed by a stage with a lower rate of leaching, in which 
the extraction is reduced by one order. In other words, after a definite 
ore size is attained the prevailing factors, affecting the kinetics and 
degree of copper extraction, are micro- and macrostructure of the ore 
particles, host rock porosity, etc. 

The experimental data from Table 1 (Figs. 2,3) show, that the ore 
size increase entails not only the prolonged leaching time, but also the 
greater sulphuric acid use. This relationship is not always valid because 
of the essential influence of the ore mineralogy. For example, while 
leaching a sulphide ore tending to decay, a higher copper extraction is 
obtained at lower sulphuric acid use, provided the ore size is minus 
400 mm rather than minus 100 mm (Fig. 3). 

Table 1 

Ore size effect on copper extraction and sulphuric acid consumption 
(deposit "Tzar Asen") 

Classes, mm Average ore
lump diameter, Time for 50 'c-extrac- Sulphuric acid Con- 

mm tion of copper, days sumption,kg/t of ore 

—5 1 18 32 
—20 9 145 22 
—50 20 180 26 

—100 45 250 35 
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Experimental conditions: 
Height of ore material in a column - 2 m; 
Leaching solution composition: treated after cementation + 
+ H 2 SO4  5 g/l + T. ferrooxidans (106  cells/cm 3 ); 
Sprinkling solution composition - 20 l/t per day. 

The ore column height also affects to some extent the kinetics of 
copper extraction. This is particularly indicative of ores with the in-
creased content of rock-forming minerals and iron hydroxides 
soluble in sulphuric acid, because the movement of the leaching solu-
tion causes considerable changes of pH and ion composition. For 
example, at the height of an ore column, taken in the "Medet" deposit 
(Bulgaria), equalling 11 m the hydrolysis of Fe 2  (SO4  ) and accumula-
tion of Fe3  in the upper layers contribute to the better copper extrac-
tion if leaching is performed with a solution recycled after copper 
cementation, rather than with a regenerated ferric sulphate solution 
(Fig. 4). When the height of an ore column is 7 m, the copper extrac-
tion is constant, regardless of the iron form (Fe2  or Fe3 ) in the 
supplied sulphuric acid solution of T. ferrooxidans. Up to this height, 
T. ferrooxidans oxidizes Fe2  to Fe3  and the copper extraction from 
suiphide minerals increases as a result of the slight change of pH and ion 
composition of the solution. Consequently, a specific integrated scheme 
for sprinkling "Medet" mine dumps was developed, which ensures 7 % 
extraction of copper at the sulphuric acid consumption being 30 kg/t 
of ore. 

The pilot-plant experimental data show that the copper extraction 
from various groups of minerals is related to the ore column height 
(Table 2). As the height of an ore column increases, the extraction of 
copper from oxidized copper minerals diminishes as a result of a great 
difference between the initial and final sulphuric acid concentration. 
The lower extraction of oxidized copper in the first meters is attributed 
to the precipitation of Fe3  on the mineral surface in the form of 
sulphate hydroxides. High solubiity of iron hydroxides in the sulphuric 
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acid ana the emergence of zones with the increased pH lead to the 
higher rates of copper extraction if the leaching solution contains 5 g/l 
sulphuric acid, Fe = 3-5 g/l and T. ferrooxidans 106  cells/cm3  
The uniform extraction of copper from the sulphide minerals may be 
obviously associated with the low height of ore in columns, and the 
favourable conditions for reduction-oxidation processes. 

Table 2 

Effect of the ore column height on the copper extraction 

Copper, extracted from minerals, % 
Height, m oxidized copper in iron 	 I 	Total copper 

copper hydroxides and secondary1 chal- released, % 
mine- oxidized bonded suiphides  
rals copper 

3 75 58 90 6.5 72.0 
5 86 49 80 6.5 65.5 

1 
8 76 47 84 7.5 64.5 

10 65 37 80 7.5 56.5 

Experimental conditions: 
Ore size: 75-0 mm; 
Leaching time: 250 days; 
Composition of the leaching solution: 

H 2  SO4  5 gIl + Fe 2  4-6 g/l + T. ferrooxidans 10 6  cells/cm 3 . 

POSSIBILITIES FOR INTENSIFICATION AND OPTIMIZATION 
OF THE CHEMICAL AND BACTERIAL LEACHING 

The kinetics of the copper extraction depends on the type of 
copper minerals, the character of host rocks and the leaching solution 
composition. Therefore, the biocatalytic and chemical oxidizing pro-
cesses, as well as the dissolution of copper minerals may be intensified 
in two ways: 

by affecting the solid phase by thermal, electrical, oxidizing and 
other processes which could lead to a change of the structure and 
energy of the crystal lattice of copper minerals, as a result their solubi-
lity increases; 

by increasing the redox reactive capacity of a leaching solution. 
Since the leaching technology is mostly applied nowadays to low-

grade ores with a low copper content, the intensification of copper 
extraction by affecting the liquid phase is believed most promising from 
technological and economic points of view. 

The increased redox reactivity of a solution may be attained by 
establishing optimum proportions of H 2  SO4 , 02, Fe 3 , T. ferrooxidans 
concentrations or through the introduction of additional oxidizers. 
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For example, when leaching ores from tfle "Medet" mine with 
the sulphuric acid solution of ferric sulphate, containing 2-3 g/l of 
Fe3 , 10 g/l of H 2  SO4  and iO _106  cells/cm3  of T. ferrooxidans,the 
leaching rate increases by a factor of 1.5 in comparison with a solution 
containing 5 g/l of sulphuric acid, but the sulphuric acid consumption 
to ensure 50 %-extraction of copper increases by a factor of 1.4 (Fig. 5). 
Reactions and structural changes in the host rocks, as a result of which 
the chemical and bacterial oxidizing processes are hampered, are to be 
blamed for this. For ores requiring small quantities of sulphuric acid 
and featuring high seepage prpperties, the high rate of copper extrac-
tion is observed even at the sulphuric acid concentration of 1 g/l. 

Fig. 5. Influence of the 
sulphuric acid concentration 

on the rate of bacterial 
and chemical extraction 
of copper from suiphide- 

oxide ores: 
1 and 2 - l-1 2 SO 4  5 g/l; 
3 and 4 - H 2 SO 4  10 g/l 

The contribution of sulphuric acid into the intensification of 
chemical and bacterial leaching is determined by the comprehensive 
effect it produces. In leaching chaicocite and bornite with a solution, 
containing Fe 31 = 4 g/l and T. ferrooxidans - 106  cells/cm3 , it was 
established that at pH = 1.5 the rate of copper extraction is 90 mg/h, 
and at pH about 2.5 = 3 - 4.5 mg/h. The positive effect of low pH 
values may be attributed to the fact that no basic iron suiphates can be 
formed, which contributes to the quick diffusion and adsorption of 
02, Fe3  and T. ferrooxidans on the sulphide mineral surface. It is 
known that the oxidizing processes in leaching depend strongly on the 
concentration of dissolved oxygen and its adsorption on the mineral 
surfaces while the oxygen concentration is controlled not only by pH 
values, but by the Fe3  concentration, too. For example, in leaching 
chalcocite in agitated flasks it was established that if Fe 3  concentra-
tion is 2 g/l, the solution contains approximately 4 mg/i of oxygen, 
and if the Fe 3  concentration is 6 g/l the oxygen content is 2 mg/i. 
The catalytic role of Fe3  in this case may be explained by its ability 
to increase the chemisorption of oxygen on the mineral surface. 

The rate of copper extraction from copper suiphides enhances 
considerably when the T. ferrooxidans strains, adapted to solutions 
with low pH and showing the increased capacity for sulphur oxidizing, 
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are used. Utilizing such strains in the conditions of low pH and opti-
mum 02, Fe3  concentrations, the copper extraction from both chal-
cocite and chalcopyrite increases. 

To intensify the chemical leaching of secondary copper suiphides, 
Cl-  and NO3  ions can be used for leaching ore, in which copper is 
represented by chalcocite; the addition of Cl -  and N0 ions in a con-
centration up to 0.5 g/l increases the rate of copper extraction by a 
factor of 1.2-1.4. 

All the above data show that, regarding the ore minerological 
composition, the optimum proportions of H 2  so4 , 02, Fe3  and 
T. ferrooxidans concentrations should be found for leaching intensifi-
cation. 

TECHNICAL AND ECONOMIC ASPECTS, TECHNOLOGICAL 
PARAMETERS AND ORGANIZATION OF THE FULL-SCALE 
APPLICATION OF CHEMICAL AND BACTERIAL LEACHING 

At present, geological prospecting includes not only high-grade 
(>0.3 % of Cu) ores, but also low-grade and refractory ores. Therefore 
the actual metal reserves in deposits to be exploited have grown signi-
ficantly (by 5 to 20 %). There are deposits, from which the copper may 
be extracted only by dump or underground leaching. 

In most cases the construction of installations is considered econo-
mically expedient when more than 1,000 t of copper are to be produc-
ed annually. To attain this level 5 to 10 million tons of ore should be 
leached simultaneously. 

The chemical and bacterial leaching efficiency is determined by 
many factors and the most important of them are: 

- ore and host rocks mineralogy and chemistry; copper content 
of ores; 

- mining-technical conditions; geological and hydrogeological 
characteristics of ores and host rocks; 

- physical, physico-chemical and kinetic conditions of the process 
application; 

- utilization of selective solvent, interacting weakly with host 
rocks. 

Most suitable for leaching are ores, in which copper is represented 
as oxides and secondary suiphides and the host rocks have low alkali-
nity (sulphuric acid consumption does not exceed 25-30 kg/t of ore), 
high permeability and low degree of clogging. 

While constructing new installations it is very important to know 
the time period required for the extraction of 60-80 % of copper, 
when the forecasting method of indices and technico-economic appraisal 
of the leaching efficiency is used. It is impossible to establish an in-
tegrated functional relationship between copper extraction and time, 
satisfying all possible cases of leaching. The experimental data analysis 
shows that with regard to the type of copper minerals, the character 
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of mineralization, the ore size and the ore column height the kinetics 
of extraction is different. When leaching ore veins where copper oxides 
and secondary suiphides predominate over the chalcopyrite and copper-
containing iron compounds, the copper extraction from a unit area 
will be constant. In this case the extraction may be expressed by the 
relationship: 

E = 1 - ekt, where 

E is copper extraction; 
t is a leaching time; 
k is a rate of copper extraction, determined experimentally for the 

given ore size. 
If the copper minerals are evenly distributed and the host rocks 

are massive, then the initially high rate of leaching is gradually subsid-
ing. In this case, the copper extraction in the individual periods can be 
expressed as follows: 

E = at - bt2 , where 

t is a leaching time; 
a and b are coefficients having different values for every leaching 

stage. 
These relationships obtained during pilot-plant studies, may be 

helpful for predicting copper leaching parameters for full-scale plants 
only if the specific conditions of every mine, and particularly of ore 
size and leaching solution composition, are considered. 

The low-grade ores mined from open pits and underground mines 
are actually leached in dumps. The spoil is stored on an impermeable 
terrain with a high mechanical stability or on specially allotted sites. 
For oxidized copper ores the thickness of a spoil layer should not 
exceed 6 m, and for suiphide ores - 15 m at a total dump height being 
50-60 m. The increase of the dump height does not lead to a higher 
copper content of the pregnant solution. The leaching solutions 
containing sulphuric acid, Fe 3  and T. ferrooxidans are distributed over 
the dump surface by sprinklers, injection boreholes or irrigation tren-
ches and ponds. The water recycling principle is used here and the solu-
tion consumption varies from 3 to 10 1/rn 3  per hour. More often the 
pH of solution is controlled, and in some cases only the flow rate after 
cementation. When ferrous and ferric iron as well as aluminium and 
magnesium salts, are present, it is necessary to supply sulphuric acid 
to arrest sedimentation. It is experimentally established that Fe 3  
concentrations up to 10 g/l do not signally diminish the leaching rate. 
The operation of the industrial installation at the "Vlaikov Vrah" 
mine (Bulgaria) shows that part of the iron settles down in the first 
few meters (2-4 m), as a result the Fe 3  content of the pregnant 
solutions during the last 5-6 years is constant (3-5 g/l). The iron 
sedimentation has a negative effect on the oxygen penetration in the 
dump; thus, T. ferrooxidans are spread only within a 5-8 m horizon 
from the surface. 
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To intensify leaching and ensure even distribution of the leaching 
solution, boreholes, drilled at a depth of 2/3 of the dump height, may 
be used. Compressed air is introduced in the borehole together with 
the leaching solution, which makes the leaching process more intensive. 
The rate of copper extraction increases also by introducing "rest" 
periods between consequent sprinklings. 

Depending on the ore mineral and chemical composition copper 
extraction at dump leaching ranges from 5 to 20 % a year. The unit 
costs of the obtained copper are 2-3 times lower in comparison with 
copper produced by flotation, and depend basically on the copper 
content of ore, sulphuric acid consumption, copper extraction and 
installation capacity. 

Underground leaching is employed for low-grade ore deposits, 
areas of pillars or tails left after underground mining. Underground 
leaching is used in the following cases: 

Copper leaching in blocks without ore breaking. This method is 
applicable only for ores which have naturally, high water permeability 
(permeability factor of the ore-bearing rocks no less than 0.5 rn/day) 
and porosity no less than 5 %. No special preparation of the ore mate-
rial is needed. 

Leaching of unbroken ore blocks, with artificial enhancement of 
water permeability in the ore. This method is applied if the permeabi-
lity factor is below 0.5 in per day and porosity is below 5 %. 

Underground leaching of crushed and shrinkaged ores. It is 
used in deposits with low-efficient porosity (< 5 %) and low ore filtra-
tion properties (Kf < 0.5 rn/day). 

Combined methods of underground leaching. 
An alternative of the underground leaching is the "in situ" leaching 

of deposits that have not been exploited by other means. In this case, 
the whole ore body is blasted and leaching is realized "in situ", or the 
leaching is made by boreholes without disturbing the ore massif. 

Solutions obtained after dump or underground leaching contain 
from 0.3 to 2.0 g/l and more of copper, 2-30 g/l of Fe (including 
3-5 g/l of Fe3 ), 5-6 g/l of zinc, 0.5-1.0 g/l of solids; pH is 1.5-3.5. 
The copper from the solutions is recovered by cementation, extraction 
or sorption. 

Copper cementation is accomplished in different facilities regarding 
the type of the settler, solution composition, the required producti-
vity. Most popular are cementing pans, cone cementators, rotating 
drum cementators, vats and tanks with mechanical agitation. The 
concentrate produced by cementation contains approximately 
70-80 % copper and the copper recovery from the effective solution 
is 90-98 %. 

The application of the sorption process for copper recovery from 
solutions with pH = 2-3 is restricted at present. This is due to the fact 
that ion-exchange resins adsorb also Fe 3 , which makes the technology 
for obtaining a high-grade final product more complicated. The method 

284 



can be applied successfully (after solution neutralization to pH = 4 -5) 
in cases, when tail solutions are not utilized, but are treated and dis-
posed into water bodies. 

The great selectivity of extragents in comparison with the sorbents 
makes it possible to obtain high-grade copper at low costs. Cathode 
copper may be obtained from solutions containing more than 1 gIl 
of copper at pH = 1.5-3, if extragents, such as -oxybenzopheno-
ximes (ABF, Lix-64N) are used. The method of solvent extraction of 
copper favours the maximum sulphuric acid utilization in leaching, 
high and selective copper extraction, the limited accumulation of addi-
tional quantities of ferrous iron in the circulating solutions, the obtain-
ing of final products with a high copper content (99.9 %). 

CONCLUSION 

High efficiency of copper ore leaching makes this method most 
promising for expanding the mineral raw-material base. 

This urges to seek new more efficient technologies based on the 
wide use of mechanization, automation, management and control of 
the process of chemical and bacterial copper leaching. 
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TECHNOLOGY OF BACTERIAL DUMP LEACHING 
OF METALS FROM ORES 

B.D. KHALEZOV 

"Unipromed"' Institute, Sverdlovsk, USSR 

DESCRIPTION OF DUMP LEACHING TECHNOLOGIES 

The earliest publications on the production of copper from copper 
pyrite ores by dump leaching at Rio-Tinto mine in Spain date back to 
1752 [1-4]. The ore contained 48 sulphur and 1.5 % copper. 

At the beginning of the present century, the leaching practice at 
Rio-Tinto reached considerable proportions, when nearly 20 million 
tons of ore in separate dumps of 100,000 tons each, was irrigated at a 
time. 

The dumps were spread over a natural water-confining slope in the 
form of terraces. Spaced at 5 to 10 m from one another, culverts 
(canals) of 300 x 300 mm cross-section were made out of large pieces 
of ore, and were arranged lengthwise and transverse to the dumps' 
foundations. At points of culvert intersection, exhaust pipes were 
installed spaced 12 to 15 m from one another. These devices provided 
natural ventilation of the dumps, encouraging oxidation processes 
whereby the ore temperature rose to 50-60 °C. Before being dumped, 
the ore was crushed to the size of 50-100 mm. The height of the 
dumps varied from 6 to 12 m. The dumps were then covered with a 
layer of fine ore for a uniform percolation of solutions. Water was 
supplied to the dumps by way of lengthwise-transverse ditches. The 
dumps were kept saturated with solutions as long as the leaching of 
copper was sufficiently intensive, then irrigation would be shifted to 
other dumps, while the surface of the first one was levelled. 

The solutions contained, g/l: copper - 1-4, ferrous iron - 20, 
ferric iron - 1, free sulphuric acid - 10. 

Upon the extraction of copper from them, the solutions were 
reused for leaching. The water consumption rate amounted to 570 1 
per 1 ton of ore a year. During the first two years, 60 % of copper was 
extracted; in the course of 7-9 years 3  this figure increased to 80-85 %. 
Some of the ore dumps, containing most "refractory" (i.e. difficult-to-
leach) copper minerals, were leached for up to 30 years. The residual 
copper content of the ores reached 0.3 %. The leaching tailings, con-
taining up to 0.3 % copper, were used as pyrite basic material. 

In 1900 and later in 1916, dump leaching operations were under-
taken in Bisbee for ores containing 1.33 % Cu [1]. 

The test dump contained 9,487 tons of run-of-the-mine ore spread 
over an inclined site, the maximum and minimum height of the layer 
being 8 m and 1.5 m, respectively. 68 tons of copper, i.e. around 
26.9 %, was extracted during the first seven months. The net cost of 
1 ton of copper was 75 dollars. 
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The total amount of copper extracted roughly had the following 
breakdown by years, in %; 1st year - 40; 2nd year - 20; 3rd year - 15. 
Even though the installation was experimental, copper production was 
profitable. 

In 1924, Feips Dodge Corporation based at Copper Queen (Bisbee) 
applied a process of dump leaching of copper from the ore deposit 
of Sacramento Hill. Two dumps were formed, of 2 and 1.4 million tons 
of ore, the copper content being 0.89 and 0.68 %, respectively. The 
dumps' measurements were: 548 x 213.4 m and 426.7 x 182.9 m, 
maximum height 10.4 m and 22.9 m, the gradient 1-5 and 6-10 %. 

The dumps were irrigated with the aid of ponds by mine drainage 
solutions at the rate of 2,080 m3  per day. Sulphuric acid was added at 
the rate of 0.09 kg per 1 m 3 . The composition of pregnant solutions 
was as follows, g/l: copper —4.79; ferrous iron - 1.44; ferric iron - 
5.39; acid - 0.06-3.6. Water evaporation losses measured 15-18 %. 

In the course of 5 years of operation from the two dumps that 
originally contained 24,690 tons of copper, 12,430 tons of Cu (50.35 %) 
was extracted, i.e. an average of 10 % a year. 

In 1929, copper leaching operations were started on a dump con-
taining 9.1 million tons of stripped rock, its copper content being 
0.26 %. 

Copper was extracted from solutions in tanks and launders by 
cementation. The composition of cementation copper was as follows, 
%: Cu - 70; Si02  - 1.2; Al 2  03  - 3.0; Fe - 6.8; CaO —0.3; S —1.2; 
H 2  0 - 23.0. The successful application of dump leaching of poor 
ores and of stripped rock in Bisbee served as the basis for further de-
velopment of this copper production technique. 

At Douglas (Arizona, USA) the afore-mentioned Felps Dodge 
Corporation undertook experimental leaching of copper from a dump 
containing 25 tons of sand tailings that were obtained following their 
enrichment in a Don classifier. There was 0.52 % copper in these 
products, including 0.19 % oxide copper. The height of the dump 
was 2-2.5 m. Results of the leaching were promising enough, and 
therefore the dump leaching of oxide ores was started at the old Burro 
Mountain Mine in Tyrone. The dump contained 20,722 tons of ore and 
2.7 % copper. The ore was spread over a slope in the form of terraces, 
on a specially prepared site made up of clay rocks impregnated with 
fuel oil. The ore was irrigated by acidified solutions with the aid of 
ponds, the copper being extracted from the solutions in launders by 
cementation, whereupon the solutions were again fed to the dump. 
During the first year, 271.15 tons of copper was extracted, i.e. 24.1 %. 

In Russia, dump leaching was first realized in 1874 at Kedabeck 
Mine (Caucasus) [4]. Two groups of dumps were formed. One of them 
consisted of pre-roasted suiphide chalcopyrite ore, the other - of the 
same ore, but not roasted. For roasting, the ore was put through a 
sorting grizzly and dumped onto firewood. Roasting continued for 
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2-3 months. Then the ore was spread over sites inclined at 5_80, and 
culverts of Rio-Tinto type were arranged. 

The dumps were irrigated with water from the mines and with 
tailing solutions following cementation. Irrigation of the ore was con-
ducted by means of ponds for 10 to 30 days, whereupon the next 
site was irrigated. Operations were conducted in the warm season, from 
mid-March to mid-November. Every year, at the close of the season, 
the ore was shovelled up. During 60 years of operation (1874-1934) 
14,000 tons of copper was produced by leaching at Kedabeck, i.e. its 
extraction from the ore amounted to 60 %. Dump leaching at other 
mines took place in later periods. For example, in 1939-1941, copper 
dump leaching experiments were undertaken in the Urals, involving 
dumped ores at Pyshma, Belorechensk and Novo-Levinsk. 

Two dumps were subjected to leaching at the Belorechensk Mine 
in 1941. The copper content of the ore was up to 1 %. The ore was 
irrigated with the mine drainage water, sprayed over the dump. 16 % 
of copper was extracted during the seven months of tests. 

A dump with about 1,000 tons of ore was subjected to leaching at 
the Pyshma Mine in 1940. The ore was spread over a base composed 
of a 100 mm layer of crushed stone, a 100 mm layer of concrete, and 
of a boarding. The dump dimensions were 16 x 8 m (top) and 22 x 15m 
(bottom), the height, 3 m. Vertical and horizontal ventilation ducts of 
300 x 300 mm cross-section were provided. 

The ore was leached with solutions containing 5-10 gIl sulphuric 
acid. Irrigation continued for four months, which allowed to extract 
13.5 % of copper. In 1941, however, dump leaching operations in the 
Soviet Union were suspended because of the Second World War, and 
were resumed as late as 1972 (Blyavin Mine), 1973 (Nikolaev Mine), 
1975 (Volkov and Kounrad Mines), 1979 (Kal'makyr Mine). 

By now, the process has been introduced at over 20 mines of the 
world, including four in the Soviet Union (Table 1) [5-8]. In the 
mid-1970s, world copper production using a dump leaching technique 
was 280,000 tons, the United States accounting for 230,000 tons. So 
vast a scale of production has been made possible due to an enormous 
quantity of ore being processed at a time. Thus, quantities of rock 
being leached at a time at the US mines are as follows, million tons: 
Bingham Canyon - 200; Silver Bell - 27; Butte - 30; Bagdad - 40; 
Bisbee - 43. The amount of copper produced is 70; 3.5; 6; 7; 
6.4 thousand tons a year, respectively. The ores being leached differ 
in the nature of mineralization and in copper content. For example, 
Bingham Canyon ores are represented by typical suiphide dissemina-
tions, mainly chalcopyrite, the copper content of the dumped ore being 
below 0.4 %; at Bagdad, the ores are low-grade oxide; at Butte - 
low-grade mixed ores. 

There exist various technological schemes of dump leaching, but, 
in principle, all of these include the following basic operations: the 
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Table 1 

Data on dump leaching of copper at different mines 

Principal copper 	Ore reserves, 	Final product
' 
 Droduc- 

Mine, deposit 	minerals of the ores 	million tons tion capacity, thousand 
tons 

Silver Bell, Chalcocite, 
Arizona, USA chrizocolla 
Butte, Chalcocite 
Montana, USA 
Bagdad, Chrizocolla, mala- 
Arizona, USA chite, azurite 
Esperanza, Chalcocite, 
Arizona, USA chalcopyrite 
Yerington, Chrizocolla 
Weed Heights, 
Nevada, USA 
Inspiration, Chrizocolla, azurite, 
Arizona, USA malachite 
Bingham Canyon, Chalcopyrite 
Utah, USA 

Bisbee, Chalcocite, azurite, 
Arizona, USA malachite 
Castle Dome, Chalcopyrite, 
Arizona, USA chalcocite 
Copper Cities, Chalcopyrite, 
Arizona, USA chalcocite 
Bluebird, Oxide ores 
Arizona, USA 
S.-Xavier Oxide ores 
Lavender, -. 
Arizona, USA 
Ram Jungle, Chalcopyrite, chal- 
Australia cocite, bornite 
Sierro-Verde Oxide ore 
Rio-Tinto, Chalcocite, 
Spain chalcopyrite 
Elephant Mines, Oxide ore 
Rhodesia 
Ray, Chalcocite 
Arizona, USA 

27.0 	Electrolyte copper and 
cement copper, 64.0 

3,629 	Cement copper, 70.0 

43.0 	 5.4 

44.0 	 - 

- 	Electrolyte copper, 5.4 

- 	Cement copper 
- 	 8.8 

- 	Cement copper, 1.2 

33 
Not available Cement copper, 8.0 

Not available 	Electrolyte copper, 0.08 

169.0 	Cement copper, 24.0 

Total: 	 279.78 

27.0 Cement copper, 3.5 

30.0 Cement copper, 6.0 

40.0 Copper powder, 7.0 

17.0 Electrolyte copper, 5.4 

27.0 Cement copper, 22.0 
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leaching of copper from a dump, extraction of copper from solution, 
recirculation of tailing solutions. 

Figs. 1 and 2 show the technological scheme of copper dump leach-
ing at the Bingham Canyon Mines [5, 9, 10-12]. The peculiarity of the 
scheme was that part of the solutions, once copper was extracted from 
them, was subjected to removal of iron and aluminium salts. This 
operation yielded leach solutions that were cleaner and enriched with 
up to 3 g/l ferric iron, which, ultimately, helped to boost the leaching 
process. However, this treatment is costly, and according to the avail-
able information, it has been discarded. The characteristic feature of 
the installation is that the launders normally used for copper cementa-
tion, are replaced by cone-type precipitators. 

Fig. 3 shows the dump leaching process scheme used by the mines 
at Bluebird. This was the first enterprise ever to discard the copper 
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Fig. 2. Copper precipitation shop at "Utah" plant of Bingham Canyon 
Works, Kennecot Copper Corp.: 

1 - ore pile base; 2 - launder; 3 - head tank; 4 - iron scrap; 5 - feeder; 
6 - tipper; 7 - cone-type cementing machine; 8 - screen; 9 - thickener; 
10 - settling basin; 11 - sulphuric acid tank; 12 - pressure filter; 13 - 
sump; 14 - store-room; 15 - intermediate capacity; 16 - main pumping 

station; 17 - acid pump 

Fig. 3. Technological 
scheme of "Bluebird 

Works": 
1 - dump; 2 - pond for 
concentrated solution; 3 - 
filter; 4 - boiler; 5 - heat 
exchanger; 6 - settling 
basins; 7 - mixers; 8 - 

flotation machine; 9 - tank 
for electrolyte; 10 - 

electrolysis baths; 11 - 

sump for refined product; 
12 - flotation unit; 13 - 
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storing acid solutions; 16 - 
trucks for carrying acid so-
lutions; 17 - compressor; 
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cementation technique in 1968, and to introduce copper extraction 
with subsequent production of cathode copper from re-extracts [13-19]. 

Leaching is applied to poor ore containing 0.5 % copper. Copper in 
this ore is represented mainly by chrizocolla. The dumps are positioned 
on a natural ground provided with ceramic perforated pipes for draining 
the solutions. 13 dumps have been formed, containing 120,000 tons 
of ore each, their maximum height was 60 m. Solutions are supplied 
through PE pipes, the ore being irrigated with the aid of needle-type 
sprinklers. Daily solution input for each dump is up to 1,100 rn 3 . 

Irrigation lasts for 2-2.5 months, whereupon the upper ore layer is 
ripped and left to dry up for 1 month. The c opper-c ontaining pregnant 
solution is filtered and passed through a heat-exchanger to maintain 
the temperature of 27 °C, while the copper is extracted. Daily capacity 
of the installation is up to 11,500 m 3  of solution. To recover copper, 
extractors of the mixer-settler type are used. The copper extraction 
process consists of three stages (with a 7 % Lix-64 solution in kerosene); 
copper is then re-extracted in two stages with used electrolyte, then 
the organic phase is washed at the third stage. The ratio of the organic 
and water phases at the extraction stage is 1:1; at the re-extraction 
stage, 4.5:1. Electrolysis of re-extracts is conducted in 48 baths furnish-
ed with lead anodes, the combined power of rectifiers being 1,500 kW. 
Every 6 days, cathode copper is collected, the metal content being 
99.9 %. Current efficiency is 88.9 %, voltage in the bath, 2 V. Maxi-
mum electricity consumption is 2,440 kWh/t. With an annual copper 
production being 6-7 thousand tons, reagent consumption amounts 
to 60 tons, that of kerosene, 900 tons, whereas the total cost of the 
extraction and electrolysis is US $ 260 per 1 ton of copper. 

Fig. 4 shows the generalized scheme of dump leaching sites of 
low-grade oxide, mixed and suiphide, and of high-grade difficult-to-
dress suiphide copper-zinc ores. In mixed ores (Nikolaev Mines, USSR), 
77.5 % of copper is represented by oxide compounds: chalcanthite 
(CuSO4  . 5H1 0), malachite (CuCO 3  Cu(OH)2 ), azurite (2CuCO3  
Cu(OH) 2 ), and partially by chrizocolla (CuSiO 3  . n HO); 15 %, by 
secondary sulphides: chalcocite (Cu 2  5) and covellite (CuS), and 7 %, 
chalcopyrite (CuFeS 2 ). 

In the dump of low-grade sulphide ore, copper is represented by: 
oxide compounds - 6.5 %, secondary suiphides - 22.6 %, and primary 
suiphides - 71 %. The dump of high-grade ores contains 5 % oxide 
copper compounds, 36.5 % secondary and 58.5 % primary suiphides. 

In all cases, zinc is represented by zincite (ZnO) and sphalerite 
(ZnS), the phase ratio being similar to that of copper. Table 2 shows 
the chemical composition of ores [23 -25]. 

All oxide minerals of copper and zinc are known to be soluble in 
the water solutions of sulphuric acid. The process of dissolution is a 
diffusive one. The products of dissolution, such as CO 2 , Si0 2 , CUmet 
provide additional resistance slowing down the rate of disintegration. 
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Table 2 

Chemical composition of ores 

Component, % 
Dump 	

Fe 	S 	Si0 2  I A1 2 0 3  1 CaO I MgO I As 

No. 1 	24.00 1 38.50 1 11.80 1 7.27 1 0.07 1 - 	0.06 
No. 2 	16.10 	16.00 43.90 	8.00 	0.98 	0.98 	0.06 
No. 3 	1 31.9 	38.2 	7.37 	0.33 	- 	- 	0.14 

Suiphide minerals are oxidized in an acid medium only in the pre-
sence of oxidants (mainly, Fe 3 and bacteria). Intermediate products of 
reaction, e.g. CuS with chalcocite, CuFeS 2  with bornite, or final 
products like elemental sulphur with covellite, sphalerite or chalcopy-
rite are the substances that are chemically stable and hard-to-remove 
from the surface. They sharply inhibit the process of oxidation and 
dissolution of copper and zinc minerals. Oxidation of suiphide minerals 
may be accelerated either chemically or physically. In the former case, 
in the course of leaching, application of solutions containing ferric 
sulphate and enriched with atmospheric oxygen, as well as iron and 
sulphur-oxidizing microorganisms may be recommended. To obtain 
fresh mineral surface, blasting may be used, resulting in ore crushing 
and redistribution in the dump. 

Mixed ore is spread over a natural clayey bedding, while sulphide 
ore is placed on a compacted layer of fine pyrite ore, 30 to 50 cm 
thick, with a 2-8 0  gradient. The height of the dump varies from 15 
to 25 m. The copper is leached by recycle solutions, acidified with 
sulphuric acid whose content does not exceed 1-2 g/l. The solutions 
are supplied through PE pipes and are sprayed in ponds arranged on 
the dump surface. The area of each pond is from 400 to 800 m2 . The 
irrigation density is 30-40 l/t of ore. The interval between two irriga-
tions lasts 4-6 days [261.  During the first two years, mixed ores only 
were irrigated. This was followed by the leaching of suiphide ore 
dumps. The dumps were irrigated as follows: after cementation, acidi-
fied solutions were fed to a mixed ore dump, then, on to a low-grade 
suiphide ore dump, and, finally, to a high-grade suiphide ore dump. 
As a result, copper content of solutions increases by 1.5-3 times. 
This technique also allows to increase the ferric iron content of 
effluents from oxide ore dumps, and to reduce 2-3 times the volume 
of solutions subjected to cementation. 

Using this technique in the first year to irrigate the first two dumps, 
the copper concentration was raised from 0.8-1 to 1.69-1.9 g/l. 

Annual extraction of copper averaged 10-12 % (from mixed ores) 
and 7-8 % (from suiphide ores). Ore soaking, seepage and evaporation 
losses accounted for 15-20 % of the daily amount of solutions used 
for cementation. These losses are offset by mine drainage solutions. 
Table 3 shows operating data on the installation. 

293 



.Dump leaching is conducted during warm months of the year 
from April to October, i.e. 180-200 days a year. As a result of solu-
tion recycling, other elements are also accumulated and by the end 
of the season, their content may be, gil: iron, 40; Al 2  03 , 5; CaO, 
-0.5;MgO, 5. 

130 to 500 g/l iron is added to the solutions due to cementation 
during a single season. However, its content does not exceed 40 g/l 
(for other mines of the USSR, this figure is 5-15 g/l max). The reason 
is that in the course of mass exchange between the solution and dump-
ed ore, a "self-purification" of the solutions takes place. The excess 
iron precipitates in the dump in the form of hydroxides, basic ferric 
suiphates [Fe 2  (SO4  ) . Fe2  03 ] [34] and even in the form of a jarosite 
group (e.g. K(Fe 3  (SO4 )2  (OH)6 ) [361.  The sample testing of various 
mines showed that in the course of dump leaching, the iron content 
of the top layers may sometimes increase 2-2.5 times. 

In the process of leaching, the ore becomes finer, the percolation 
rate slowing down 3 to 6 times in 3-4 years compared to 0.5-1 rn/h 
in the first year of operation. To recover original percolation rate, every 
year at the beginning or at the end of the season, a 0.3-0.5 m thick 
top layer of the dump is bulldozed off (2-3 m thick layer in the 5th 
or 6th year of operation is removed by mechanical shovel). For the 
same purpose, holes spaced at 8 x 8 m or 10 x 10 m and 5-6 m deep 
are drilled annually and the ore is blasted. As a result, the desired rate 
of solution percolation and the optimum leaching regime with regard 
to density and frequency of irrigations are maintained. The copper-
containing solutions are drained in the ponds, where the sludges settle, 
the sludge content of the solutions being up to 0.-1.2 g/l. It is note-
worthy that the sludge removal is maximum duringthe first years of 
operation, and decreases to the minimum value in subsequent years. 

The ponds for intermediate solutions are normally dug out in clay 
and have a storage capacity of 2-3 thousand m 3 . Two ponds were 
made of an acid-resistant concrete having special water-proofing charac-
teristics. One of these accumulated the head solutions, the other, the 
tailing ones. Copper was extracted from solutions in drum-type ce-
menting machines of a Soviet make (Fig. 5) [21, 221. Efficiency of 
copper extraction from the solutions was up to 95-98 %. For cemen-
tation, it is best to use scrap not thicker than 0.4-0.5 mm, keeping 
the rate of scrap feeding at a constant level of 0.8-1.0 tIm3  of the 
solution in the apparatus (Fig. 6). Usually, packages of detinned 
body-stock, transformer steel or roofing iron are utilized [27]. 

A drum-type cementing machine has a number of advantages over 
other devices used to extract copper from solutions (launders, baths, 
cones). With a drum-type cementing machine, the rate of copper 
extraction increases 15 times, because the contact between the solu-
tion and the scrap lasts only 4 to 6 minutes. A continuous process, 
fully mechanized, is, therefore, possible. As a result, scrap consump-
tion diminishes 1.5-2 times, and capital costs involved in the con-
struction of the cementation installation are reduced considerably. 
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At the Nikolaev Mine, cement copper is precipitated in vertical 
settling tanks; at other mines, in conventional thickeners. The settling 
rate of the finest copper particles (< 0.01 mm) is 1.2 cm/mm. Corn-
bined losses (with draining) reach 0.5-0.6 %, and are represented by 
fractions of 0.006 mm. The copper product is sufficiently fine (see 
Table 3). 

Table 3 

Granulometric composition of the copper product 

Particle size, mm Percentage Particle size, mm Percentage 

+0.177 5.60 +0.015 13.40 
+0.102 35.50 +0.010 1.30 
+0.029 37.10 —0.010 3.5 

The chemical composition of cement copper is as follows, %: Cu, 
77-86; Fe, 4-6; CaO, 0.1; Si0 2 , 1.7; MgO, 0.3; Al 2  03 , 0.75. When 
discharged from the settling tank, copper comes into contact with 
atmospheric oxygen, and up to 15-20 % of it is oxidized. From the 
settling tanks, copper is discharged once or twice a month with a grab, 
put in containers and hauled to a smelter where it is smelted direct to 
produce blister copper or matte, in converters or in combination with 
copper concentrates, respectively [35]. 

Recycle solutions (Table 4) accumulate up to 3-7 g/l zinc. In-
dustrial tests were carried out to extract zinc from solutions. Part of 
the solutions (about 20 %) underwent a zinc extraction procedure. 
The solutions were joined with a precipitating agent in: a reactor under 
conditions of continuous stirring for 8-10 minutes. The zinc residue 
was separated from the solution in a settling tank until the solid-to-
liquid ratio reached 1:4-1:5. The pulp was then supplied to the fluidiz-
ed bed fern where a 4 % moisture concentrate was obtained, the zinc 
content being 45-50 %. Concurrent with this, the zinc concentrate 
was enriched with the extracted cadmium and indium. Following the 
extraction of zinc, cadmium, and indium, the solutions were mixed 
with those that underwent cementation, and the mixture was fed to 
the dump. 

Thus, the process used for copper dump leaching at the Nikolaev 
Mine allows an extraction of several metals from copper-zinc ores. 

CRITERIA JUSTIFYING THE APPLICATION OF DUMP LEACHING 

Introduction of dump leaching starts with a geological survey of 
the deposit resource base. 

tlntft recently, the geological prospecting of the deposits was 
carried out without taking into consideration the hycrometallurgical 
methods for processing the ores. 
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Table 4 

Dump leaching of copper at the East Kazakhstan integrated 
copper smelter and chemical plant 

Year of operation 

1976 1 1977 I 1978 I 1979 I 1980 

1.12* 0.89 0.51 0.81 0.55 
3.32 7.48 6.99 5.29 6.01 

22.06 27.79 19.75 23.38 29.83 
2.2 2.83 2.2 2.3 2.2 
2.94 2.3 1.71 1.85 1.6 

0.17 0.15 0.1 0.15 0.08 
342 7.48 6.99 5.29 6.01 

25.9 28.9 20.7 25.5 31.5 
3.1 3.4 3.1 3.3 2.9 
0.49 0.6 0.38 0.46 0.36 
85 83 80 82 85 

1.4 1.6 1.7 1.8 1.5 

0.31 0.84 2.4 1.2 1.4 

86 85 77.2 78 79 

Description 

Composition of head solutions 
(following leaching), g/l: 

copper 
zinc 
ferrous iron 
pH 
ferric iron 

Composition of tailing solutions 
(following cementation), g/l: 

copper 
zinc 
ferrous iron 
pH 
ferric iron 

Extraction of copper from 
solutions, % 
Specific consumption of scrap 
iron (t/t copper) 
Sulphuric acid consumption 
(t/t copper) 
Copper content of precipitate, % 

* - Copper content in the first year of operation (1973) was 2.33 g/l. 

While preparing the deposits for operation, no account was taken 
of the reserves of low-grade ores and of difficult-to-dress oxide ores. 
This resulted in the stockpiling of dozens and even hundreds of millions 
of tons of non-standard raw materials that contained from dozens of 
thousands to several million tons of copper. For example, there are 
1.3 billion tons of low-grade ores containing 0.4 % copper at the 
Bingham Mine in the United States. The processing of low-grade ores, 
especially those where copper is largely represented by oxide com-
pounds, using a conventional method "enrichment-smelting" is 
frequently not feasible technically and not profitable economically. 

Geological prospecting now is conducted considering not only high-
grade ores (>0.3-0.4 % Cu), but also all kinds of low-grade, oxide and 
difficult-to-dress ores. As a result, the real reserves of metal contained 
in the ore deposits likely to be processed rise considerably (from 5 to 
20 %). There exist deposits that can be processed only by dump or 
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underground leaching. With such an approach, all raw material that 
does not come to the dressing plant, is stocked separate from the barren 
rock on special sites and is subjected to leaching. 

It is not easy to introduce dump leaching at those mines, where 
low-grade ore leaching was not envisaged originally. In some cases, 
low-grade ores are stocked on calcareous rocks, at other mines, they 
are dumped on water-permeable soils. Hauling such ores to new sites 
involves considerable costs. Where low-grade ores are kept together 
with barren rock, such raw material can be considered wasted. 

The study of the raw material base begins with an assessment of 
the quantity and quality of available ores. A prospect of producing 
over 1,000 tons of copper a year by leaching is generally considered 
to be a justifiable scale of production, economically. Production of 
this magnitude calls for the leaching of 5 to 10 million tons of ore at 
a time, depending on its quality. The most suitable will be ores having 
the following characteristics: 

copper is represented mainly by oxide minerals, or by easily 
oxidizable secondary sulphides; 

low acid consumption of host rocks (acid consumption not 
exceeding 20 kg of acid per 1 ton of ore); 

fine dissemination of minerals; 
good permeability for leaching solutions (rate of percolation 

through the dump 1-3' rn/day); 
decomposability when affected by leaching solutions; 
presence of limonite (FeO(OH)nH 2 0) which is dissolved by 

sulphuric acid and supplies the solution with Fe 3 ; 

composition of the ore, encouraging the development of micro-
organisms to intensify the process of leaching. 

On the basis of summarizing the experience of leaching of various 
ores it became possible to establish average intensity of copper extrac-
tion into the solution, depending on the mineralogical and general 
chemical composition of the ores. 

The rate of copper leaching from run-of-the-mine ores is as follows 
(annual): 

especially "refractory" chalcopyrite and bornite ores, around 
5 %; 

mixed ores that, along with oxides, contain 50-80 % primary 
and secondary copper sulphides, around 10 %; 

mixed ores, containing only oxide and secondary sulphide 
minerals of copper (essentially, chalcocite), around 20 %; 

oxide ores, containing 80-90 % copper oxide minerals, up to 
40-50 % [29]. 

Once the :study of the ore resources on the basis of the geological 
prospecting data is over, verification of quantitative and qualitative 
data concerning raw materials, and representative sampling for testing 
are undertaken. If the deposit is operated simultaneously with the 
formation of low-grade ore dumps specifically for leaching, the sainpl- 
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ing of the ore can be done using the conventional procedures. When 
the ore is kept in dumps that previously were not intended for leaching 
then, depending on the method used for dump formation, either a 
multiple surface sampling or deep sampling utilizing core drills, per-
cussion/cable tool drills or auger drills is carried out [20, 281. The 
weight of the sample taken for investigation in case of a uniform distri-
bution of metal is determined by an existing empiric formula: 
q = 0.06 d2 , where q is weight of sample, kg; d, maximum size of ore 
piece. 

SOME INFORMATION ON STRATEGY AND METHODS OF 
INVESTIGATIONS IN THE FIELD OF METAL LEACHING TECHNOLOGY 

Investigations are usually conducted in four stages: research, scale-
up laboratory, semi-industrial and experimental-industrial. 

The objective of the research stage is to get an idea of the nature 
of the ore, to find proper solvents and oxidants, to reveal the indepen-
dent variables that influence the process of leaching, to establish 
approximate ranges of variation of these factors, and to determine the 
role of bacteria in the leaching of metals from ores. 

Scale-up laboratory investigations are conducted with a view to 
achieving maximum optimization of the leaching regimes using mathe-
matic methods of experiment planning and data processing. 

Semi-industrial t&sts are arranged to finalize the leaching conditions 
using the samples of ore of industrial size (5 to 15 tons); also, at this 
stage, a complete technological scheme is field tested: leaching - 
extracting metals from the solutions - recycling tailing solutions. These 
tests are conducted in percolation columns or on small dumps of ore. 

And, finally, experimental-industrial tests are carried out at the 
mine so as to further finalize all regimes of the technological scheme, 
performance of basic equipment, taking into account local peculiarities, 
etc. The tests are carried out on a dump containing from a few dozens 
of thousands to 1-2 million tons of ore to obtain commercial product. 

As an illustration, the tests that involved the leaching of ore at the 
Kounrad deposit (USSR) are described below. 

The primary objective of the first stage was to establish the amena-
bility of ore for leaching, i.e. to study the chemical and phase composi-
tion of the ore, to investigate its niineralogy and petrography, to 
determine the acid consumption of the ore, rate of dump irrigation 
and the length of intervals between the irrigations; besides, physical 
characteristics of the ore were established: porosity, specific gravity and 
bulk weight, hardness, maximum moisture capacity, etc.). 

Three types of disseminated ores were studied (suiphide, mixed and 
oxide), their chemical composition averaged as follows, %: Fe, 2.1-3.3; 
S, 1.08-2.85;Si0 2 , 65.17-74.76; A1,0 3 , 14.3-16.2;CaO, 0.03-0.86; 
MgO, 0.04-0.4 5. 

The data on the phase and granulometric composition of the ore 
are given below (Tables 5, 6). 
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Before being loaded into percolators, each sample weighing from 5 
to 15 kg was made up of material of different sizes, to include 5 to 
6 different fractions in proportion to their actual distribution, to 
ensure the uniformity of the granulometric and matter composition 
of the ore sample in all percolators. The percolators are made of rigid 
PVC or of organic glass (Fig. 7); they are 400-700 mm high, and are 
100-150 mm in diameter. 

Table 5 

Phase composition of the ore, % 

Type of ore Oxide Secondary Primary 
compounds suiphides suiphides 

Sulphide 10.2 82.0 7.8 
Mixed 15.1 83.0 1.9 
Oxide 39.9 45.7 13.8 

Table 6 
Granulometric composition of the ore 

Fraction, mm Content, % 

—30+10 52-58.3 
—10+5 12.8-15.9 

—5 29-33 

Later, the following parameters were determined: rate of copper 
leaching, sulphuric acid consumption depending on its concentration 
in the solution, frequency of irrigations and the interval between them. 

Results of the investigations are shown in Figs. 8, 9, 10 and 11. 
It appears from these that the independent variables for the optimiza-
tion of the leaching process are within the following ranges: 

interval between irrigations (T) .  ............... 2-6 days 
density of irrigation (specific solution con- 
sumption, V) ............................. 30-70 l/t 
acid concentration in solution (H2  SO4 ) ........ 5-20 g/l. 
The upper and lower limits of the established parameters are chosen 

to obtain "optimal" solutions containing > 0.5 g/l copper and 
0.5-1.0 g/l sulphuric acid. It is clear from Fig. 11 that utilization of 

up to 85 % of tailing solutions for copper leaching practically has no 
effect on the intensity of copper extraction. 

At the second stage of investigations, the Box-Wilson method was 
used to determine optimum parameters for copper leaching from the 
ore [30, 311. The practical meaning of applying this full factorial 
experiment procedure consists in that a minimal number of experi- 
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ments yield maximum of data on the process of leaching. This method 
allows not only to assess the impact of each factor under study on the 
leaching process, but also to evaluate the interaction between them. 

The optimum conditions of the process were studied at the four 
stages of copper leaching from the ore: from 0 to 30 %; from 30 to 
50 %; from 50 to 60 % and from 60 to 70 %. Results of these investiga-
tions are shown in Figs. 12, 13, and 14. 

It is noteworthy that in the course of leaching of oxide ore the 
density of and the intervals between irrigations varied insignificantly, 
around 50 l/t and 4.5-5.5 days, respectively. Variation of the sulphuric 
acid consumption was more pronounced: from 5 g/l at the beginning, 
to 1-2 g/l at the end of the experiment. 

In the case of suiphide ore leaching, these parameters register a 
more substantial change: the interval between dump irrigations 
increases from 5 to 7 days, while the H 2  SO4  consumption declines 
from 10 to 1 g/l. 
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tailing solutions recycled; 3 - 85 % 

of tailing solutions recycled) 
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Fig. 12. Relationship between 
optimum levels of factors (Xi) and 

efficiency of copper extraction, when 
leaching oxide ore at deposit H: 

X, - consumption of solution used 
for ore irrigation, l/t; X, - duration 
of leaching cycle, days; X 3  - con- 
centration of sulphuric acid in solu- 

tion, g/l 
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Fig. 13. ttelationship between 
optimum levels of factors (Xj) and 

efficiency of copper extraction, when 
leaching sulphide ore at deposit H: 

X, - consumption of solution used 
for ore irrigation, lit; X2  - duration of 
leaching cycle, days; X 3  - concentra-
tion of sulphuric acid in solution, g/l 
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Fig. 14. Relationship between 
optimum levels of factors (Xi) and 

efficiency of copper extraction, when 
leaching mixed ore at deposit I: 
- consumption of solution used 

for ore irrigation, l/t; X2 - duration 
of leaching cycle, days; X 3  - concen-
tration of sulphuric acid in solution, g/l 
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Fig. 15. Column for ore leaching: 
T,, T2 , T3 - thermo-couples for measuring ore 
temperature inside column; 1 - layer of fine ore 
used to control rate of solution percolation; 
2 - column body; 3 - coarse ore; 4 - discharge 

hatch; 5 - false bottom 

• Particularly noticeable are time-related changes in the leaching of 
a mixed disseminated ore (Kal'makyr Mine, USSR). For example, the 
4 2 SO4  consumption varies from 50 to 1 g/l, the interval between 
irrigations increases from 5 to 14 days, whereas the density of irrigation 
drops from 50 to 40 l/t of ore. 
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The parameters of microbiological leaching are examined in a simi-
lar fashion. An optimum concentration of microorganisms in the 
solutions, their temperature and chemical composition and other 
characteristics are determined. 

The third stage of investigations involved samples with a maximum 
size of ore particles minus 400 mm in columns 0.7-1.2 m in diarieter 
and 6 to 7 m high (Fig. 15). The primary objective of these analyses 
is verification of the optimum leaching conditions resulting from the 
second stage. Results of the studies are shown in Figs. 16 and 17. It is 

:nuratwn of teachin9, days 

Fig. 16. Relationship between copper extraction, sulphuric 
acid consumption and duration of leaching suiphide ore pieces 

of different sizes: 
l,B-400;2,5-200;3,4----lOOmm 

noteworthy that, for the ore of the Kounrad deposit, the intensity of 
copper leaching did not depend on the size of ore pieces in the range 
from minus 100 to minus 409 mm (Fig. 16), while for the ore of the 
Kal'rnakyr deposit this relationship is well-pronounced (Fig. 17). Appa-
rently, where ore is likely to be reduced in size of its own accord, it 
should not be crushed before leaching. 

Experimental-industrial test sites in most cases constitute the first 
stage of a future dump leaching production site. Various copper leach-
ing and extraction techniques were studied on such sites. Also, experi-
mental industrial tests helped to improve methods of irrigating dumps, 
using ponds, spraying and a combination of both; to study the techno-
logy of copper leaching from the ore dumped on different natural soils, 
or on specially arranged sites made of clay, pyrite fines, bitumen, etc. 
[23, 28, 291; and to investigate the techniques that serve to intensify 
the leaching process (dump aeration and blasting) [23-25]. Another 
important task was to determine the significance of microorganisms 
in dump leaching practices. 
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Solutions at the leaching sites were found to contain from 104  to 
10' cells/mI of bacteria oxidizing Fe 2 , S° , and suiphide minerals. 
The dominant species is Thiobacillus ferrooxidans. The number of 
bacterial cells depends on the specific conditions of the technological 
scheme, ore composition, solutions applied, temperature and season of 
the year. The minimum number of microorganisms occurs after cemen-
tation, and the maximum, in the effluents from the dumps [32, 33 ]. 

2150 

1800 

-t: lLLO 

ci 
1080 

Co 

CD  720  
CD 

ci 
C.- 
ci 

350 

Fig. 17. Relationship 
between duration of 

leaching and size of ore 
pieces at the level of 70 % 

extraction efficiency 
(d - maximum size of ore 

piece, mm) 
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The sampling of ore across the depth of the dump indicated that 
maximum in-depth penetration of microorganisms does not exceed 
5-8 m, which, apparently, is due to limited penetration of atmospheric 
oxygen. The number of microorganisms in the solutions obtained after 
the leaching of low-permeability clay dumps (Kal'makyr Mine) is much 
lower compared with those obtained from the dumps having a high 
permeability (Volkov, Kounrad Mines). 

Results of microbiological studies conducted on the leaching sites 
made it possible to formulate recommendations on ways to intensify 
the process of leaching through intensifying the microbiologiëal pro-
cesses. This may be achieved either by improved extraction of copper 
from the solutions used for leaching (Volkov Mine), or by pre-oxidizing 
iron (Fe 2  -+ Fe3 ) with microorganisms, while aerating the solutions 
in regenerating ponds, providing excess iron is subsequently removed 
from the solutions (Nikolaev Mine), and, finally, pumping air inside 
the dump (Fig. 4). 
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The following may be regarded as the major trends of dump leach-
ing development: 

intensification of the leaching process through the use of micro-
organisms (both iron- and sulphur-oxidizing); application of various 
chemical and physical methods of treatment (e.g. the use of ozone, 
electric fields, etc.); 

ensuring a more versatile use of copper ore (in addition to 
copper and zinc, extraction of lead, cadmium, molybdenum, gold, 
and silver); 

elaboration of technological schemes and application of leaching 
to lead-zinc, nickel and gold ores; 

elaboration and improvement of methods (mainly, sorption, 
extraction, electrochemical and autoclave) used to extract metals 
from solutions; 

elaboration of efficient and cheap methods and engineering 
solutions in the construction of impervious foundations, of various 
hydraulic works for the formation of new and utilization of old dumps. 
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MODELLING PRODUCTION PROCESSES 
IN BACTERIAL LEACHING 

D. MOCHEV 
Higher Institute of Mining and Geology, Sofia, Bulgaria 

At the present state of metal extraction technology bacterial leach-
ing becomes commercially feasible mainly when the process involves 
stationary solid mass (leaching by percolation of the liquid phase), 
i.e. when the process requires minimum power. These features deter-
mine its place in the general classification of production processes. In 
terms of the nature of the solution flow about the rock, leaching pro-
cesses with a stationary solid phase may be divided into several groups 
[1, 21. However, in each separate case, the requirement of an easy 
access of leaching solutions to the entire rock body in question as well 
as the requirements of aeration favour only a minimal preparation of 
the ore, which may be relatively coarse-grained. Thus, the cost of rock 
preparation dramatically drops minimizing the overall expenditures. 
,In practice, solid phase contains grains of different size, the leaching 
solution flowing through pieces of rock. Evidently, the hydrodynamics 
of solution flow through the rock body is very complicated which 
accounts for failures of the common engineering approach and makes 
unreliable theoretical output estimates by scaling up the equations 
that are based on the similarity theory and may even allow for specific 
diffusion processes and for specific surface chemical reactions. Leaching 
systems like some other production processes require for their assess-
ment specific models incorporating characteristic features of those 
systems. Development of such models with precisely determined para-
meter values may lead to an accurate forecast of the technological 
output of the system or help to evaluate design parameters for new 
systems of bacterial leaching. 

When bacterial leaching is applied it is necessary, first of all, to 
a.sess the quality of the liquid phase, i.e. the content of active compo-
nents therein. Concentration of the said components in the solution is 
closely related to the amount of bacteria and their activity in the sys-
tem under consideration. Of equal importance is the use of bacterial 
mutants oxidizing sulfide minerals and Fe 2  at high rates. 

Monitoring the development and spread of laboratory-bred bacterial 
strains acquires particular importance when they are used under in-
dustrial conditions, e.g. in dumps where wild strains do occur. The 
introduction of active bacterial strains may intensify oxidation of pri-
mary sulfides at the given mining site. 

Let us consider the most simple case when the given population, 
comprising no  bacteria, starts developing into a homogeneous popula-
tion (without mutation). Let us also assume that at time intervals 
tj (j = 1, 2, ..., N) spontaneous increase of cells due to the multiplica-
tion of the initial population n o  is complemented by introduction of 
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external cells of the same bacteria. We can further assume that one 
bacterium gives progeny independently of other members from the 
same generation, and the progeny produces a new generation under the 
same conditions. In this case the growth of the population can be 
described [3] by a branched Markovian process whose generating 
function we denote by F(s,t). As the population development from 
any initial bacteria is assumed to be independent and with the same 
distribution, the generating function of the sum of the processes is 
eqa1 to the product of the functions. Consequently, the generating 
function for the size. of the population at time t produced by the initial 
no  cells shall bee, equal to [F(s,t)]' 10. The bacteria coming from outside 
are of the same type as the initial population and appear at discrete 
time points tj, therefore at a time point t each j-th migrant produces 
the progeny with the generating function F(s, t-tj). It follows that 
after time interval t from the beginning of the process the entire popu- 
lation has generating function [F(s,t)] 0 . jjj F (s,t-tj). The problem 
can be made more complicated if the external bacteria arrive at random 
time intervals which are Poisson distributed. Then our task is to express 
the generating function of the total population size at time interval t 
after the beginning of the process in terms of the generating function of 
a single bacterium progeny and the parameter of the Poisson distribu-
tion. Thus the problem of determining the population size at any time 
interval t is reduced to a purely mathematical problem of estimating 
the generating functions for the processes in question. The latter 
supplemented by specific relations between the size and quality of the 
biomass on the one hand, and solution parameters on the other, charac-
terizes the liquid phase of the system. 

A simple assessment of changes in the solid phase occurring in 
leaching of some of its components can be based on the following 
model [4]. 

Let us assume that the prepared rock body to be processed by the 
solution comprises particles whose size is defined by the effective dia-
meter D. Naturally, the grains are of different sizes so that the solid 
phase is characterized by a certain size distribution of grains. Actually, 
any granular rock hypothetically contains a sufficient amount of 
particles of any size from the maximum grain size to a minimum one 
(close to zero), that is, value D is assumed to be continuously distri-
buted between Dmax and 0. Let us further assume that the mineral 
containing the component to be leached is finely and uniformly distri-
buted throughout the rock, as in the case of porphyric copper-pyrite 
ores. Alternatively, the rock body can be divided into rock types, our 
model being applicable to each of them. For each type there is a spe-
cific relationship between the recovery of the component and the time 
of leaching, c = f(t). 

Another assumption is that the depth of solution penetration into 
the monolithic rock is proportional to the rate of recovery; the depth 
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of solution penetration at the given time after the onset of leaching 
may be determined as a size of the largest granulometric class comple-
tely leached by the solution. The latter can be expressed as follows: 

D_ 	rt ae -i--a --dr 

where D - effective diameter of particles leached during time interval 
t. Proportionality factor a can be found from the size of the largest 
piece of rock utterly leached by the time t: 

Dn 	 tn 
 

- 

 

=af-  dr 
and 

D 
2e (ta ) 

Then the maximum grain size leached during the time interval t will 
be represented by: 

D = -- 5ta6 dr 
o aT 

Now, the portion of the rock body processed over time t comprising 
particles with grain-size below D(t) can be found from the grain-size 
distribution function for the ore by considering the fraction of particles 
in the range zero to D(t). In rock pieces of greater size the thickness 
of the leached layer is 2 	The amount of the reacted solid phase for 
a particle of the i-th class of grain size is expressed by the difference 
between the masses of two spheres: the first with diameter D1  (the 
entire particle) and the second with diameter (Di - P(2 )) (unleached 
part of the particle). Summing up the masses through all classes from 
Di to DmaX  we obtain the second portion of the processed matter 
represented by the reacted mass of partially leached grains. Thus, 
under certain physical and chemical conditions it is possible to estimate 
the amount of the processed solid phase. 

The algorithm described above can provide a basis for computation 
techniques. The computed values, however, differ greatly from the 
measured parameters. The reason does not lie solely in idealized 
description cif granular rock through spherical pieces, but in the 
assumption that the entire surface of all rock pieces is accessible to the 
solution, i.e. 

- touching surfaces of different pieces are negligibly small; 
- the entire volume of rock cavities is filled with the solution, and 
- there is no silting by inert argillaceous mass. 
These conditions may actually obtain in column or smaller scale 

experiments for relatively short periods of leaching, with typical rock 
pieces chosen and used and unexpected silting by random flows exclud-
ed. 
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We have already mentioned that the general model of transforma-
tions in the solid phase depends on the rate of metal extraction. Our 
assumption was that the recovery is proportional to the depth of solu-
tion penetration into the solid phase. In certain test experiments where 
the mass transport and mass transfer is known, the outcome of leached 
component can be evaluated in terms of the process taking place at the 
interface of the two phases [2].  During the active stage of metal leach-
ing when the kinetics of component transition from the solid phase 
into the leaching solutions is primarily governed by diffusion, the 
dissolving process is limited by the diffusion of solution into the mass 
of rock body; this process is described by the first Fick's law (in one-
dimensional space along the x-axis): 

Q = - DA de  dx 

where Q - amount of the component diffusing through surface A in 
a unit time, 

D - diffusion coefficient. 
If concentration gradient is a function of all three space coordi-

nates, c = c(x,y,z), a similar equation can be written for a 3-dimensional 
space. 

If the concentration field varies in time we apply the second Fick's 
law, a one-dimentional form of which runs as follows: 

ac 	a 2 c 

Since generally the leaching flows are not laminar, the convective 
mass transfer formula should be used: 

Q = —DtA , 

where Dt - coefficient of turbulent diffusion which is similar to the 
one in the first Fick's law. 

As was mentioned earlier, the description of the solid phase as a 
granular material leads to substantial errors in output estimates of the 
leaching process. Recent development of measuring techniques brought 
about considerable changes in the models estimating the state of the 
rock body [6]. The following physical principles of the measurement 
techniques have produced a great effect on the concepts involved in 
models for solid phase description in dumps: 

1. Measurements of natural gamma radiation of the rock body in 
question. The natural gamma radiation of the mining zone provides a 
quantitative estimate of argillaceous content of the zone, because K 40 , 

the most frequently found natural isotope decays emitting easily iden-
tifiable gamma quants. K 4°  is a component of argillaceous materials, 
the most frequent filler of natural and/or dump-contained cavities. 
The accumulation of argillaceous minerals in a given zone lowers its 
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water permeability, therefore the intensity of natural gamma radiation 
gives a quantitative measure of potential impermeability for the zone 
in question. Thus, it has become possible to identify filled cavities in 
the rock body. 

Water content measurements. Practically the only obstacle for 
the flux of accelerated neutrons (104  km per s) is provided by the 
atoms of hydrogen which cause in the impact a 50 % loss of neutron 
energy. Thus, in a given medium the fraction of fast neutrons trans-
formed into slow ones (2 km per s) is related to the amount of hydro-
gen atoms. Therefore, in a given medium under the conditions of con-
stant distance between the source and the detector of neutrons, a 
constant power of the neutron emitter and constant geometry of its 
opening the intensity of accelerated neutron flux is inversely propor-
tional to the amount of hydrogen atoms. In any mineral entity the 
number of hydrogen atoms per unit volume is negligibly small for all 
minerals except water. Therefore, the aforesaid correlation serves 
to estimate moisture content in the zone. 

With a known moisture content, the intensity of reflected 
gamma-ray flux is related to the volume density of the rock body 
reflecting the gamma-rays. 

The application of new instrumentation designed to record the 
above-mentioned phenomena in measurements of dump parameters 
has brought conceptial changes in the model of granular rock body 
undergoing leaching. It has become possible to take in the actual 
state of the rock at the moment of measuring. Size distribution of 
rock pieces was found to produce no effect on the temporal depen-
dence of metal extraction during leaching of fresh rock, e.g. in new 
dumps. In the course of the process, however, when the diffusion of 
solutions into internal parts of solid phase becomes more pronounced, 
concentration gradient of the active agent in the solid phase increases 
making the depth of solution penetration the main parameter of the 
system. The size of particles and its distribution in the rock should, 
therefore, be accurately determined alongside with variations in flow 
direction of solutions during leaching in dumps. It is also necessary to 
find and take into account the cavities between rock pieces filled with 
argillaceous material and the compressing of the rock body by higher 
rock pressure in the deeper parts of the dump. It is further required to 
know the amount of solution in contact with rock pieces throughout 
the zone. The combined measurement of these three parameters allows 
to evaluate the factors that characterize the granular composition of 
the rock body. The solid phase parameter is no longer represented by 
the grain diameter which in the previous model provided a numerical 
characteristic of maximum distance for infiltration of the leaching 
agent, but by the value of maximum distance which is not related to 
any form of the elements of the rock body [5]. 

In conclusion we shall try to specify our concept more precisely. 
Fixing a certain direction, say a direction along the vertical of the 

dump, we assume that the dump height is divided by horizontal planes 
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located sufficiently close to each other. In each such section the distri-
bution of one half of a maximum distance between the cavities in the 
rock mass of that section is found. Summing up the integral values of 
the mass along the dump height we obtain the total mass of solid phase. 
Let the one half of a maximum distance between cavities be a distance 
parameter d. The evaluation of a distance parameter distribution is a 
task similar to the granulometric analysis in mineral processing. If for 
some reason no tabulated data are available for our computation 
methods, the distribution of this parameter may be described by one 
of the familiar distribution functions [2]: 

(a) normal distribution: 
t 3  

FN(d) =-7=..f'e2  dt, 

where u = dda 
a 

a - standard deviation, 
d - distance parameter, and da is its average value 

(b) Schuhmann's distribution: 

Fsh(d) = 100 (i-) k, 

where d0  - Schuhmann's dimension modulus, 
k - Schuhmann's distribution modulus. 

(c) distribution of Rosin-Rainmler: 
d 

R(d) = 100•e 

where d' - parameter value such that R(d) = 100  
e - the base of natural logarithms, 
n - the parameter of the distribution 

These distributions of a distance parameter are based on graphic 
and computational evaluation of experimental results. 
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APPLICATION OF MICROBIOLOGICAL METHODS 
TO UNDERGROUND LEACHING OF URANIUM ORES 

A. BRUYNESTEYN 
Head, Division of Extractive Metallurgy, B.C. Research,Vancouver, B.C., Canada 

INTRODUCTION 

Natural leaching of suiphide minerals, exposed to the atmosphere, 
has been occurring for geological time. For centuries, man has been 
aware of the acid drainage originating from coal workings, copper 
mines and waste dumps. With the advent of the technical sciences, the 
processes involved in acid mine drainage production were considered 
to be solely chemical in nature. However, in 1947, it was shown that a 
specific microorganism, called Thiobacillus ferrooxidans [1], was 
responsible for acid mine drainage from abandoned coal workings; 
by action on the pyrite and marcasite minerals in the coal - oxidizing 
the suiphide part of the mineral to sulphuric acid, and the ferrous 
iron part to ferric iron, the latter being subsequently precipitated out. 
In 1954 [2] it was shown that the same bacterium was responsible for 
the oxidation of exposed copper sulphide mineralizations, producing 
sulphuric acid and solubiizing copper. Numerous studies [3, 4, 51 have 
subsequently revealed that T. ferrooxidans under suitable conditions 
can attack most suiphide minerals, producing weak sulphuric acid, 
oxidizing ferrous to ferric iron and solubilizing the other metals present 
as their sulphate salt. Notable exceptions are the mercury and lead 
suiphides. 

Many situations in which T. ferrooxidans play a, role were of 
commercial significance, long before it was realized that the controlling 
processes were bacterial in nature. The problem of acid mine drainage 
produced from abandoned coal workings was and still is substantial. 
The acid mine drainage produced from base metal mines carries in solu-
tion a variety of metals. Techniques were developed early [6],  albeit 
without an understanding of the processes involved, for the recovery 
of copper on a commercial scale. At the present time, the microbiolo-
gical leaching of low grade ore dumps for copper recovery is an essential 
adjunct of many conventional mining operations. Uranium is not pro-
duced directly by the action of T. ferrooxidans on uranium minerals. 
However, where these minerals are present in association with iron 
sulphides, the bacteria produce acidic ferric solutions, which in turn 
oxidize 4-valent uranium into its acid soluble 6-valent form. Uranium 
produced in this manner is an important feature of certain uranium 
mining operations [7, 81. Thus, this method of uranium recovery is 
designated as bacterially-assisted ferric iron leaching. Other metals, 
which may be solubiized by microbial action on their respective 
mineralizations, such as nickel and zinc, are not recovered commercially 
at the present time. 
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The literature on microbiological leaching is extensive. Some of 
the latest review articles are by Beck [9], Ito [101,  Zajic [11], Wata-
nabe [12], Fletcher [13, 14], Gupta and Sant [15],  Karavaiko  [ 16 ], 
Imai [17],  Malouf [181, Trudinger [19],.and Brierley [20]. 

This paper will describe the theoretical aspects of microbiological 
leaching, the constraints to its practical use and the application of the 
microbiological leaching process to uranium exploration and mining. 
The paper will document its present application in the leaching of 
waste material from conventional underground mining practices such 
as was done at Elliot Lake [7, 8] and for leaching "in place" of low 
grade ores, as is practiced at Agnew Lake Mines [21]. The microbiolo-
gical leaching process is also used, but indirectly, to extract uranium 
from gold tailings at Buffelsfontein in South Africa [22].  Any potential 
replacement of existing processes for processing conventional mining 
grades of uranium ore, is highly speculative. It is expected that, once a 
number of variables affecting the microbiological leaching of uranium 
ores have been elucidated, the process may find wide application in 
the leaching of low grade ores, either "in place" or after some proces-
sing of the low grade materials. An extensive multi-year research 
program to study these variables is currently underway at B.C. Research. 

Before addressing the underground leaching process for uranium 
ores, it is necessary to first briefly summarize the various factors 
affecting bacterial activity in general as well as the leaching mechanisms. 

FACTORS AFFECTING BACTERIAL ACTIVITY 

Insofar as we know, only one bacterial species, named T. ferrooxi-
dans, is responsible for microbiological leaching of suiphide minerals. 
Although other Thiobacilli spp. may be present in leaching situations, 
the biochemical reactions which are mediated microbiologically, can 
all be attributed to the single species, T. ferrooxidans. During early 
investigations, researchers reported a number of similar species, assigned 
a variety of names, such as Ferro bacillus ferrooxidans and F. sulfo-
oxidans. However, subsequent studies [23] of the biochemical reactions 
of these reportedly different organisms indicated that they were all of 
a single species. 

Even to the microbiologist, T. ferrooxidans almost appears to be 
"something new under the sun". It is a chemoautotroph, i.e., it derives 
the necessary energy for metabolic processes and growth by the chemi-
cal oxidation of inorganic substances,, in this case principally ferrous 
iron and the sulphides of heavy metals (some other reduced forms of 
sulphur can be utilized, e.g. elemental sulphur, thionates, etc.). The 
organism does not utilize organic compounds, at least in any natural 
situation, and many organic compounds are inhibitory. 
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Ferrous Iron.T. ferrooxidans can oxidize soluble ferrous iron to 
the ferric form, as represented by the following equation: 

2Fe2++02  + 211-2Fe3 + H2 0. 

Although this reaction consumes acid, the ferric iron may preci-
pitate out as the hydroxide, producing a new Lxcess of acid as follows: 

2Fe3  + 6H2 0 - 2Fe(OH) 3  +6W. 

The latter reaction is pH dependent, particularly at or near the pH 
values most conducive to the activity of T. ferrooxidans, i.e. about 2. 
The precipitation reaction tends to buffer the microbiological system at 
this value, so that the ferric iron is present both as the soluble ionic 
form, or as ferric hydroxide (or as described subsequently, as jarosite). 
The net effect of the oxidation of soluble ferrous iron is the production 
of acidic ferric solutions containing some iron precipitated in the ferric 
form. In field situations, the oxidation of ferrous iron in both the 
soluble and insoluble form is of consequence to this brief. 

Suiphides. Considerable information is available concerning the 
action of T. ferrooxidans on the suiphide minerals, because of their 
industrial importance. Our experience is that most iron, nickel and zinc 
suiphides leach well. Among the copper suiphides, chalcocite, covellite, 
bornite and tetrhedrite leach well, but chalcopyrite with much more 
difficulty, as well as unpredictably. Pentlandite usually leaches better 
than chalcopyrite, although not all samples leach well. Galena (lead 
sulphide) and molybdenite do not leach to any significant degree. 

The principal insoluble iron suiphides, occurring naturally as 
minerals are pyrite, pyrrhotite, marcasite, and the copper-bearing 
minerals, chalcopyrite and bornite. T. ferrooxidans is the only orga-
nism known with the capability of attacking these insoluble minerals, 
while oxidizing the ferrous part of the mineral to the ferric form, and 
the suiphide portion to sulphate. Attack is directly on the solid mineral, 
without first solubiizing the mineral; a relatively unique microbiologi-
cal phenomenon. The intracellular mechanisms involved are not com-
pletely understood. However, the energy, produced for the organism 
by oxidation of the ferrous portion of the molecule is considerably 
less than that derived from the sulphide portion. 

The following two equations serve to illustrate the microbiological 
oxidation of pyrite. 

4FeS2  + 1502  + 14112 0--4Fe(OH)3  + 8H2 SO4  

The second reaction involves the formation of a basic iron sulphate. 

6FeS2  + 22-O2  + 15112 0 -* 2AFe 3 (SO4 )2 (OH) 6  + 8H2 SO4  
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- where A is a monovalent cation such as ammonium (NH), so-
dium (N), potassium (K) or hydronium (H 3  Ok ). 

The net effect of the biological oxidation of soluble ferrous iron as 
well as of the insoluble iron-bearing suiphides such as pyrite is the pro-
duction of acidic ferric solutions containing some iron precipitated in 
the ferric form. The precipitation reaction appears to favour formation 
of jarosite as the more stable form than the ferric hydroxide. Complete 
conversion of pyrite to ferric hydroxide produces 50 % more sul-
phuric acid per unit of pyrite than does the corresponding conver-
sion to jarosite. In practice, acid production is iritermediate between 
the two values. Although final pH may depend on the nature of the 
host rock, the potential can .exist for production of pH values which 
will limit bacterial activity, i.e. below 1.6. 

Uranium oxide can be leached as a chemical consequence of the 
biological leaching of iron suiphides, usually pyrite. The leach solutions 
produced microbiologically from the action on pyrite are acidic femc 
iron lixiviants, similar to those utilized in the hydrometallurgical 
extraction of uranium from its pulverized high-grade ores. The hexa-
valent uranium is acid-soluble and the 4-valent form is converted to 
the 6-valent form through chemical oxidation by the acidic ferric leach 
solution. Moreover, bacterial regeneration of the soluble ferric iron 
occurs. The chemical leach reaction is as follows: 

UO2  + Fe2  (SO4  ) + 2H2  SO4  -~ UO (SO4  ) + 2FeSO4  + 4H 

As discussed subsequently, the uranyl sulphate ion may be mildly 
inhibitory to the bacteria, as are most anions other than sulphate. 

3. Other factors. To enhance the microbiologically associated solu-
biization of uranium, it is necessary to promote the microbiological 
oxidation of ferrous iron and, if present, pyrite. This is particularly so, 
if the uranium minerals are associated with pyrite. Thus, optimization 
of conditions affecting growth and activity of T. ferrooxidans, and 
those relating to the release of uranium, are virtually congruent. 

Providing the appropriate substrate is available as an energy source, 
the important factors in the microbiological oxidation of suiphide 
minerals are: adequate moisture; the correct pH; an adequate supply of 
essential nutrients; and the absence of any inhibitors. 

Bacteria require a moist environment. Although this moisture 
value may vary modestly, between site-specific locations, the best 
gauge of "free" water is the relative humidity in the microenvironment 
encompassing the bacterial-mineral contact. When the relative humidity 
drops appreciably below 80 %, bacterial activity terminates. Between 
80 and 100 % relative humidity, available water limits the level of 
bacterial activity. In actual leaching conditions, "free" water is essential 
if the motile bacteria are to move from one surface to another. An 
additional requirement for water under leaching conditions is to permit 
transport of essential nutrients to the bacteria, to permit the dissolution 
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of the dissolved heavy metals and the concurrent chemical release of 
uranium; and to remove the dissolved metals. 

T. ferrooxidans functions in an extremely acid environment, and is 
insensitive to the presence of most cations, which is attributed to the 
biophysical nature of the cell wall. This bacterium is also relatively 
insensitive to changes in hydrogen ion concentration, which is normally 
expressed on the pH scale. It has been our experience that T. ferrooxi-
dans will oxidize ferrous iron over the pH range of 1.1 to 3.5, with an 
optimum value below 2.4. Other workers indicate optimum activity 
over the range 2.0 to 2.4 [24, 25 ], with 1.3 as a lower limit for activity. 
To appreciate the insensitivity of this organism to hydrogen ion, it 
tolerates a pH change from 1.8 to 3.5; equivalent to a change in sulphu-
ric acid concentration of 0.76 g/l. Most bacteria will only tolerate a 
change from p11 5 to 8, equivalent to sulphuric acid concentration 
change of only 4.9 x 10  gil. 

T. ferrooxidans is an aerobe, i.e., oxygen is the ultimate electron 
acceptor for the electrons lost by the substrate during the bio-oxidation 
process. Oxygen is limiting only when the availability, or rate of reple-
nishment is less than the rate of utilization as an electron acceptor. The 
transfer of oxygen into the water surrounding the bacteria may be 
rate limiting, particularly in natural leaching (quiescnt) situations; as 
compared to a stirred reactor. Under quiescent conditions, a thin water 
film surrounding the bacteria-mineral contact permits access of gaseous 
oxygen, with transfer rates proportional to the air-water surface. 

Like all other life forms, T. ferrooxidans requires certain nutrients 
for its growth and metabolic activities. Water and oxygen are essential 
cellular constituents, as well as being required for substrate oxidation. 
Other requirements are for carbon, nitrogen and phosphorus. Carbon 
dioxide is the sole source of carbon and the energy derived from sub-
strate oxidation is used to fix this carbon source into the various bio-
chemical molecules contained in bacterial protoplasm. The 0.03 % 
carbon dioxide contained in the atmosphere is normally adequate for 
all purposes, except some high-rate reactions which go forward only in 
the laboratory. Nitrogen is required for protein anabolism, and must 
be present as an inorganic source. Frequently nitrogen residues, suffi-
cient for optimum bacterial action, are present in mining situations as 
a result of blasting operations; otherwise they must be provided. 
Phosphorus in the inorganic form is required for the biochemical mole-
cules used in energy storage and transfer. Usually adequate phosphate is 
present in the host rock or in the water supplies, but must be provided 
where this is not the case. Undoubtedly the bacteria utilize other trace 
nutrients. However, we have been unable to show that they are limiting 
in any natural or laboratory situation. 

Some heavy metals, including uranium, appear inhibitory to T. 
ferrooxidans. It has been postulated that formation of the uranyl 
sulphate anion, at the pH levels conducive to activity of T. ferrooxi-
dans, is responsible for this inhibition [26]. Similarly it has been con- 
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sidered that the inability of T. ferrooxidans to utilize molybdenum 
suiphides is associated with the inhibitory action of the molybdate 
ions, which form at these pH levels. With regard to uranium, T. ferro-
oxidans can be acclimated to function effectively in the presence of 
substantial uranium concentrations. This acclimation can be demonstra-
ted in the laboratory, however, the gradual continual acclimation which 
can occur under field conditions is more effective, and we have en-
countered T. ferrooxidans in mine drainage with uranium concentra-
tions of up to 1.6 g/l. 

Certain organic compounds can inhibit most forms of microbial 
life but a review of same is not appropriate to this brief. However, no 
evidence is available to indicate that those organic compounds and 
materials which normally are to be found in association with microbial 
leaching situations are in any way toxic or inhibitory to the leaching 
bacteria. 

Although T. ferrooxidans will eventually appear in all natural condi-
tions which are conducive to its growth and activity, it is feasible to 
initiate the organism's activities by deliberate inoculation of large 
numbers of the bacteria, either from natural sources, or as specifically 
cultured for this purpose. The time saving cannot be predetermined, 
because once the organism appears, it is usually only a matter of weeks 
at most, until populations increase to a size capable of effecting sub-
stantial changes. Inoculation may have more intrinsic value in situations 
where an ore body or dump is being deliberately acidified with the 
intent of assisting the initiation of bacterial activity. 

An important feature of T. ferrooxidans, relevant to the mechanism 
of establishing its activity in natural situations, is its propensity to 
attach itself to solid surfaces. Although this might be expected of a 
microorganism which oxidizes insoluble substrates, most inicroorga-
nisms are freely suspended in the aqueous fluid in which they are 
contained. In the presence of solid phase, however, in excess of 99 % 
of T. ferrooxidans are normally attached to the available solid surfaces, 
inert surfaces such as jarosite precipitated during the oxidation of 
ferrous iron, or the mineral surface represented by the insoluble suiphi-
des. The paramount result is that T. ferrooxidans are not subject to 
"washout" under these conditions. Furthermore, as inocula, solid re-
sidues are more effective than the supernatant liquids derived from 
the same systems. 

PRACTjCAL CONSTRAINTS TO THE UNDERGROUND 
BIOLOGICAL LEACHING OF URANIUM ORES 

In most cases, the more important variables which are constraints 
on biological leaching processes are: 

Presence of sulphide minerals. 
Amount of mineral surface exposed to air and water. 
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3 ..Oxygen availability of the mineral surfaces. 
Water-moisture availability of the mineral surfaces. 
Acid consuming character of the ore/gangue. 
Ferric iron salt precipitation. 
Presence of suiphide minerals. At the present time, microbiolo-

gical leaching processes only occur in nature when metal suiphides are 
present. Bacterially-assisted leaching of uranium only proceeds when 
an iron suiphide mineral is present in the ore, together with the ura-
nium values. In practice, this form of leaching, either as manipulated 
for uranium recovery or resulting from a mineralization exposed to 
the atmosphere, is mainly of consequence where substantial amounts 
of pyrite occur congruently with the uranium oxides. It is also possible 
that outside sources of ferrous iron and/or some form of sulphur could 
be utilized in bacterially-assisted leaching of uranium, if economically 
feasible. 

Effective mineral surface. Mineral values most frequently are 
distributed in relatively small amounts throughout the host gangue. The 
mineral surface exposed to the leaching agents, either chemical or 
bacterially-assisted, is a function of ore particle size; increasing as 
particle size decreases. Commercial chemical leach operations pulverize 
their ore as a means of enhancing the rate and extent of uranium reco-
very. In bacterially-assisted leaching, the degree of ore fragmentation 
which has resulted from mining operations, or in a limited number of 
cases has been done deliberately, also enhances leaching rates and 
extraction. By analogy with the copper mining industry, the biological 
leaching of surface dumps of low grade wastes is substantially affected 
by the fracturing occurring during mining and dump construction, and 
could be deliberately assisted by control of particle sizeif merited on a 
cost-benefit basis. At the present time, most leach dumps operated in 
conjunction with open pit mining operations, are constituted of run-
of-mine ore. 

Oxygen availability. Since most biological mineral leaching pro-
cesses involve the oxidation of the sulphide minerals such as pyrite, 
bornite and chalcopyrite, large amounts of oxygen must be made avail-
able at the mineral surfaces, two molecules of oxygen being required 
for each molecule of sulphur. Mineralizations amenable to biological 
leaching frequently contain large quantities of pyrite, which aids the 
leaching process in that the resulting sulphuric acid acts as a solute for 
metal values and offsets the acid demand of the gangue materials. 
However, oxidation of this pyrite may be responsible for a substantial 
proportion of the oxygen requirements. In most practical applications, 
such as leach dumps, oxygen availability forms one of the major limita-
tions to the leaching process. The method of leach solution application 
to the surface of the dump, the amount of fines present in the ore as 
well as the degree of compaction can greatly influence the amount of 
oxygen which is able to penetrate into the dump. 

Moisture. Water is essential to the leaching process, not only for 
bacterial metabolic processes and as a carrier for the oxygen and CO 2  
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required by the bacteria, but also for carrying of the metal sulphates 
produced. Since oxygen is brought to the mineral surfaces by diffu-
sional processes, it is of advantage to maintain the thinnest possible 
water layer around the mineral particles so as to create the least diffu-
sional barrier for the transport of the oxygen. Leaching in heaps and 
dumps often progresses fastest while the dump is on rest, that is, while 
solution is not applied to the surface of the dump and minimal amounts 
of gravitational water exist in the dump. The length of the rest period 
is determined by the rate of evaporation and the concentration of 
salts in the remaining liquid phase around the particles. When these 
two factors become critical, the ore surfaces must be wetted again. 
This wetting usually consists of a washing cycle to remove the metal 
values produced during the preceding rest period. 

Acid consuming character of the ore/gangue. Many ores and 
wastes contain alkaline gangue that reacts with the sulphuric acid 
produced by the oxidation of the contained sulphides or with the acid 
added to the leach solution. If total acid demand of the alkaline gangue 
content is higher than the acid that can be produced by microbiological 
oxidation of the contained sulphides, then this material will not leach 
unless externally-added acid is used. 

However, if the acid demand of the gangue is less than the potential 
acid production by biological means, then leaching ultimately will 
produce acidic ferric solutions, subject to other applicable constraints. 
The actual pH of the drainage and the effectiveness in releasing uranium 
will be a function of the balance between the acid demand of the 
gangue and the biological production of acid. In ores where pyrite levels 
are high, and alkalinity of host rock is low, acid production may result 
in pH values which limit bacterial action. Where pyrite levels are less, 
or alkalinity of host rock is high, bacterial production may ensue, but 
drainage pH values may be greater than 2, albeit still in the biological 
range. At pH values of near the upper limit of bacterial activity 
(2.8-3.0), iron precipitation following solubiization, would be expect-
ed to be virtually complete. Under such circumstances, release of ura-
nium would also be expected to be reduced. 

Where acid production and host rock alkalinity are marginally in 
balance, it can be economically feasible in certain instances to utilize 
an external source of acid to control the pH values at desired levels. 
Certainly from the standpoint of hydrometallurgical uranium recovery 
from solution, pH values below 2.0 (actually 1.5) are desirable. 

Ferric iron salt precipitation. As indicated previously, the solu-
bility of ferric iron is greatly affected by the acidity (pH) of the solu-
tion. Where effective leaching is progressing and pH values are about 
2.0 or lower, dissolved ferric iron concentrations can be up to 10 g/l. 
However, at pH 3.0 solubiity decreases to less than 0.1 g/l. The iron 
precipitation that occurs at these high pH values can substantially 
affect leach rates by "blinding" of mineral surfaces, preventing access 
of bacteria and essential nutrients. Particularly above pH 2.8, ferric 
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iron tends to precipitate out as the gelatinous ferric hydroxide rather 
than as the crystalline basic sulphate. The finely crystalline basic 
sulphate does not significantly affect leach dump permeability, whereas 
the hydrxide coats mineral surfaces, interfering with oxygen transfer 
and leach solution penetration. In addition, the hydroxides, or more 
particularly, the ferric oxides which subsequently form, are extremely 
difficult to dissolve except with very strong acid, which is totally 
impractical in commercial dump operations. Dumps "blinded" in this 
manner are literally put out of operation. 

APPLICATIONS RELATING TO URANIUM EXTRACTION 

1. Underground. The potential for natural leaching of uranium ores, 
through bacterially-assisted processes, was recognized shortly after the 
discovery of bacterial involvement in the oxidation of iron sulphide 
and other suiphide minerals [27].  However, the economic recovery 
of uranium from acid drainage of mines at Elliot Lake was initiated in 
1960 at the Stanrock Mine, some two years after the commencement 
of operations [27].  Actually, attention was first directed to the mine 
drainage because of corrosion problems originating as the acidity 
developed and pH values dropped to 2.5 or less. It was not until 1964 
that the presence of T. ferrooxidans in the acidic effluents was con-
firmed [28]. At that time, conventional operations at many of the 
Elliot Lake mines were minimal, and considerable attention was direct-
ed to bacterially-assisted leaching of uranium and its recovery [7]. 

Leaching techniques involved various procedures for applying 
water to the walls of the mined out stopes and the muck piles left in 
the underground workings. Literally by trial and error it was deter-
mined that a periodic wetting (or washing) provided superior results. 
Some attempts were made to enhance uranium release by the use of 
iron salts and nutrients to stimulate bacterial activity [8].  In particular, 
high pressure hosing was necessary to remove basic sulphate salts 
coating stope walls. Subsequently, it was shown that uranium release 
was enhanced by nitrogen additions, but more particularly by ensuring 
that muck piles and stope walls were kept damp between the three-
monthly washings used to recover the solubiized uranium. Solution 
grades of up to 2.5 g U 3 08 /1 were common [29]. Conventional hydro-
metallurgical techniques were utilized for uranium recovery. Under-
ground leaching remains a part of uranium recovery operations at 
Elliot Lake, although the major part of the operations is represented 
by conventional mining activities. 

The relevance of endeavors as practiced at Elliot Lake, as a tech-
nique for uranium recovery from underground workings, principally 
abandoned stopes, must be assessed on a site-specific basis, according 
to the constraints placed on the bacterially-assisted process and other 
related factors. Assuming sulphides are present and acid production 
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exceeds or equals demand of the gangue, moisture most frequently will 
be the limiting constraint. By examining the constraints applicable to 
a site-specific situation, uranium recovery can normally be enhanced 
by instituting appropriate measures, where economically justified. 
This assumes that the underground workings are part of a continuing 
mining operation, where collection of drainage and retrieval of uranium 
can be incorporated into existing operations. 

At the same time, other related problems require examination: 
such as size distribution of mine residues, the best method of applying 
and distributing the leach solutions, the efficient collection of the 
pregnant solutions, as well as the mechanics for recycling the barren 
leach solutions. Grimes [30] has developed a mathematical model, 
confirmed by experimental data, based on the hypothesis that each 
ore piece is penetrated radially the same distance over the same time 
period: consequently uranium extraction is a direct function of ore 
particle size. However, Manchee and Garrett [31] have indicated diffe-
rential release of uranium from ore pieces the same size, but of differ-
ing uranium content; interpreted to be associated with the distribution 
of pyrite within the ore. This confirms our own experience that each 
mineralization must be examined on an individual basis. Predictions of 
performance are feasible on the basis of laboratory and pilot-scale tests. 

Small-scale tests can determine reliably that an exposed mineraliza-
tion will not leach, when constraints inherent to the mineralization will 
prevent leaching. The same tests will also indicate when leaching may 
occur; albeit proven routine tests to indicate whether uranium will be 
solubiized in economically recoverable amounts and concentrations, 
are not yet available. However, current research programs can be 
expected to progress in this direction over the next 1-2 years. 

2. In Place. When uranium grades are too low to justifj conven-
tional mining operations, it may be feasible to break the low grade ore 
in place, remove the swell to the surface and leach the broken ore re-
majning in the stopes, in place. 

Canada's Agnew Lake Mines is an example of such a bacterial 
leaching operation and Rowswell [21] describes that at Agnew Lake 
Mines extremely heavy blasting substitutes for commercial crushing. 
It was thought that the rock is reduced in size to less than six inches 
(<30 mm) and that advantage is taken of the naturally inclined place-
ment of the mineralization as well as of the tectonic forces which have 
acted on the rock, creating the massive fracturing necessary for the 
transport of the leach solutions to the uranium minerals within the 
rock mass. It was furthermore thought that the uranium minerals 
were associated with pyrite and pyrrhotite in the matrix of the Agnew 
Lake conglomerate. Thus, rapid bacterial breakdown of these sulphides 
would enhance the uranium extraction process. 

Extensive experience has been gained at Agnew Lake Mines in both 
in-place leaching and surface leaching of run-of-mine and crushed low 
grade ores. The waste products produced are the solids left under- 
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ground in the stopes, the leached-out heaps of ore on the surface and 
the iron, thorium and rare earths which were leached with the uranium. 
The radium will generally remain with the solids, 2/3 of which remain 
underground. Leach solutions are recycled but any bleedoff is neutra-
lized with lime and aerated to assure all contained iron is oxidized and 
precipitated. Barium chloride is added to the waste solution to preci-
pitate residual amounts of radium 226. 

Critical factors in this type of operation are the degree of size 
reduction that can be obtained and the relative amount of mineraliza-
tion that is available at the particle surfaces. Self-evidently, the biologi-
cal production of acid and the net demand of the gangue must be in 
approximate balance. Otherwise excess acid production will limit biolo-
gical activity, with a resultant depletion of oxidizing capability, whereas 
minimal acid production may render the leaching process uneconomic. 
Although a low acid demand by the gangue precludes the presence of 
appreciable carbonate minerals, the alkaline earths associated therewith 
must be absent in order to avoid formation of the insoluble sulphates 
inside the rock capillaries. 

Important constraints to this form of in place leaching are associat-
ed with physical access. A high proportion of the ore must be wetted 
by the leach solutions, to permit uranium dissolution and transport. 
Further, the nature of the surrounding ore body must be such that the 
leach solutions can be contained, collected and brought to the surface 
for uranium retrieval and recycling. 

In place leaching can be carried out under either flooded or trickle 
leach conditions. In order to affect rapid biological pyrite oxidation, 
large quantities of oxygen are required at the mineral surfaces. Without 
question, the problem of supplying this oxygen ranks high on the list 
of constraints to the leaching process. Trickle leaching provides by far 
the most efficient method for uranium extraction since relatively 
small volumes of leach solution are circulated per unit volume of ore. 
The slowly downward percolating solution carries large pockets of air 
with it into the broken orebody, thus supplying ideal conditions for 
rapid and continuous oxygen diffusion through thin layers of water 
to the mineral surfaces. The incorporation of rest cycles will produce 
not only significant energy savings in the solution handling circuit, but 
will also result in significant increases in pregnant solution grades. 

Obviously, an underground, in place, leaching operation should be 
carefully planned, keeping in mind that wetting efficiency reduces 
drastically for every 3 meters of height, in excess of 10 m, of the 
broken orebody. 

In some cases it may not be possible to obtain access to the top of 
the broken ore, such as in small stopes filled with ore. In such cases 
floodleaching, that is leaching by alternately flooding and emptying 
the stope, may provide an acceptable method of uranium extraction. 
The use of rest cycles here is even more important as is the use of 
multiple stopes, since the unit volumes of leach solution are very high 
resulting in potentially low pregnant siolution grades. 
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PROCESSING OF METALLURGICAL SLAGS 
AND ORE-DRESSING TAILINGS 

FRATJO N. GENCHEV 
Higher Institute of Mining and Geology, Sofia, Bulgaria 

INTRODUCTION 

The increasing requirements for maximum utilization of mineral 
raw materials are principally met in two ways: firstly, by preventing 
losses of useful constituents in the main process and, secondly, by de-
veloping advanced methods and techniques for utilizing vast resources 
predominantly classified as dressing, metallurgical and chemical in-
dustry wastes. However, until today in processing of 1 t of copper 
porphyry ore as much as 1 kg Cu is usually lost in tails. Characteris-
tically, while the lower limit of copper content of amenable ores has 
already declined to 0.3 %, the copper content of waste copper slags 
amounts to 0.4-0.6 %. Traditional concentration methods have already 
attained the limit of their potentialities and the degree of utilization 
of useful constituents only can be increased by the use of radically 
new complex techniques, with the view of organizing low-waste and 
non-waste processes in metallurgy and in concentration of minerals. 

This report presents results of a study on the utilization of waste 
copper slag and tailings from flotation of polymetallic suiphide ore 
using a combination of physical/mechanical and microbiological pro-
cesses. 

MATERIALS AND METHODS 

Investigations with the above wastes involved the use of schemes 
based on the existing methods of physico-chemical dressing [1, 2], 
and extractive hydrometallurgy [3] and biohydrometallurgy [4]. A 
characteristic element of processing schemes dealing with such material 
is the pretreatment stage. This stage stems from the essence of the basic 
technological concept, i.e. recycling of waste mineral products. It 
involves application of various processes to the substrate to secure a 
successful selective extraction of useful constituents in subsequent 
main operations. In the instances discussed herein pretreatment in-
volves: grinding, activation of the partly oxidized suiphides, modifica-
tion of the mineral composition of the slag, a combination of repulping 
and leaching processes. 

Principal constituents of copper slag used in this work were as 
follows (%): Si0 2  - 31.88, Al 2  03  - 9.20, CaO - 0.83, MgO - 4.35, 
K2 0 - 1.40, Na2 0 - 1.43, S - 2.43, Fetotal - 41.25, Fe3 04  - 
9.56, Cu - 0.58. 
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The product is a vitrous, nearly homogeneous mass, with the 
specific weight of 2.93 g/cm 3 . The consumption of H 2  SO4  for neutra-
lizing the —0.1 mm coarse sample was 115 kg/t. The principal mineral 
constituents of the slag are: fayalite, glass, and magnetite in the 16:3:1 
relationship. What we have is a skeletal-parallel structure, copper 
(chalcocite, chalcopyrite, bornite, neodigenite) being contained in the 
form of aggregates and impregnations, particularly in the vitrous mass. 
Valuable constituents of the product are: non-ferrous metals, iron and 
glass. 

Flotation tailings, apart from the main aluminosiicate part, con-
tained 0.22% Cu, 4.5 % S, 0.418 g/t Au. 

RESULTS 

We may assert that utilization of even copper alone from this type 
of slags is quite problematic notwithstanding diverse approaches [5, 6 ]. 
Leaching of copper from the slag using ferric sulphate solutions obtain-
ed microbiologically under the effect of Thio bacillus ferrooxidans 
proved impossible, since this raw material is characterized by a high 
content of alkaline components. The leaching solution was rapidly 
neutralized, the Fe 2  concentration increased, and there occurred preci-
pitation of ferric hy,droxides, oxide copper minerals only being dissolv-
ed (total recovery of Cu in the 30-day cycle was not above 8 %). 

Unsatisfactory results were also obtained in the processing of the 
product using traditional dressing methods (flotation, magnetic separa-
tion) [4, 61. The main reason for this was the unfavourable mineralo-
gical composition of waste copper slags. It was necessary, therefore, 
to find a method for modifying the mineralogical composition. As seen 
from Fig. 1, the melted slag was reoxidized by blowing through either 
air or 02 as a result of which fayalite was destroyed (FeO - Fe 2  03  - 
Si02 ) and the reoxidized slag contained separate phases of glass, magne-
tite, limited amounts of fayalite, metallic and oxide copper (Fig. 2). 

Following this operation the Fe 3  04  content would rise from 9.5 
to 40 %, a complete combustion of sulphur was achieved, and after 
rapid cooling a product was obtained with a low mechanical strength 
despite a high magnetite content. A selective recovery of components 
from such a product was in principle already possible: magnetite was 
extracted by means of magnetic separation (field intensity - 85 kA/m), 
copper, of which 90 % is represented by the —0.1 mm fraction, was 
leached from the non-magnetic fraction using ferric sulphate solution 
obtained microbiologically under the effect of T. ferrooxidans strains 
endowed with a high iron-oxidizing activity. The solid residue from 
leaching represents a silicate product satisfying the requirements of 
certain industries. 

Typical results obtained in the concentration of reoxidized slag 
are shown in Table 1. The qualitative characteristics of final products 
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Fig. 1. Basic flowsheet for copper slag processing 

permit them to be further utilized by the industry. Furthermore, a 
preliminary technico-economic assessment points to the profitability 
of the technological process involved. 

The losses of useful constituents in ore-dressing tailings are due to 
a number of reasons, but in this case we are interested in the analysis 
of possibilities for reclamation of valuable constituents. The use of 
physico-mechanical methods for dressing of low-grade material is de- 

Table 1 
Qualitative and quantitative indices in concentration of reoxidized copper slag 

Components 
Products Copper Iron Quartz 

j3,% e,% 0,% e,% $,% e,% 
Iron concentrate 65.50 0.11 13.00 50.00 82.00 11.20 22.75 
Cement copper 0.58 72.00 76.00 15.70 0.25 - - 

Silicate product 33.00 0.15 9.00 20.75 17.24 75.00 77.25 
Spent solution - 0.20* 2.00 8.00* 0.48 - - 

after cementation 

Slag 100.00 0.55 92.00 40.00 100.00 13100 100.00 

* - Indicated concentrations are measured in g/l. 
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void of economic feasibility even if the product is amenable to dressing. 
The techniques of extractive metallurgy and, particularly, of biometal-
lurgy provide for a more complete recovery of a number of constituents 
from such wastes [6, 7, 81. However, profitability is inherent only in 
technologies based on a combination of traditional concentration 
methods with those of biohydrometallurgy (Fig. 3). 

As seen from Fig. 3, the waste is repulped with the leaching solu-
tion which is 80 % recycled in the technological scheme. Thus, already 
during the pretreatment of the initial material for flotation easily-
soluble copper minerals are partially leached, oxidized suiphidic sur-
faces refreshed and floatabilityof FeS 2  increased under the effect of 
copper ions contained in the solution. As a result of flotation in acid 

- 

Fig. 2. Micrography of polished sections of waste slags from copper 
pyrometallurgy: 

1 - waste slag; 2 - partly oxidized slag; 3 - oxidized slag; 4 - reoxidized copper 
slag 
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medium (pH = 2.75) the collecting aerofloat recovers a collective 
suiphide concentrate containing Cu, S and Au. The waste is stored at 
the dumping ground, waste waters are partly (averagely 20 %) fed to 
the cementator to remove dissolved copper, and after neutralization 
are brought out of the circuit to keep the concentration of total iron 
down to 12-15 g/l. 

As in the case of slag, in this case the role of biocatalytic processes 
effected by T. ferrooxidans is to produce ferric sulphate solution. 

For the purpose of environment protection efforts should be made 
in the realization of the proposed scheme to achieve a closed water 
circulation, decontamination of floating agents, neutralization and 
refreshment of sulphate solutions. 

fAILINCS 

Fig. 3. Basic flowsheet for processing REPULPIN (
130 01 solid) 

of flotation tailings 	ACW ME]JIUfrI 1  FLOTATI ON 

COLLECTIVE CONCENTRAl 
I 	(Cu,S, Au) 	BACTERIAL LEACHING OF Cu 

COPPER CEMEWTATION RETURNbLUTION 
SOLUTION 

Cu CONCENTRATE FROM OPERATION 
I BACTERIA 

	

NEUTRAL_ZATION 	
CULTIVAT 

WASTE tWATERS 

An experimental trial of the technological solution in question has 
pointed to the possibility of maintaining a stable process characterized 
by the indices shown in Table 2. 

Table 2 
Qualitative and quantitative indices in concentration of flotation tailings 

Components 
Processes and 

products 
Reco- 

very, % Copper Sulphur Gold 
e,% ,% e,% ,% €,% 

Leaching 
Cement copper 0.04 18.00* 19.80 - - - - 

Flotation 
Collective con- 6.00 2.37 80.00 45.00 60.25 4.18 59.75 
centrate 
Tailings 93.96 0.04 20.00 1.91 39.75 0.178 39.25 
Repulped 100.00 0.18 100.00 4.49 100.00 0.42 100.00 
tailings 

* - The indicated low copper content is due to the use of precipitator, i.e. clinker 
produced by the rolling of zinc cakes. 
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DISCUSSION 

A preliminary technico-economic analysis of the indices obtained in 
reclamation of the products concerned points to the possibility of 
organizing profitable processes based on using a specific complex of 
processing methods and setting up low-waste and non-waste technolo-
gical schemes. Particularly promising in this respect is the use of waste 
slag. Following the modification of its mineralogical composition, as 
proposed by us, it is possible to effect the separation and extraction 
of useful slag components in the form of three final products. Further-
more, it can be definitely asserted that, following the mineralogical 
transformation, the most rational aspect of the technology is the micro-
biological part of the scheme. Finely-dispersed copper contained in 
slags largely in the metallic form cannot be recovered by means of 
flotation (Cu = 4.98 %; 6Cu = 53.24 %). By using ferric sulphate solu-
tion this is successfully realized. What is more, the leaching solution 
obtained microbiologically is of low cost; on the one hand, dissolution 
of iron in residual fayalite improves the quality of the silicate product, 
on the other hand, a higher iron content of the solution is a prerequisite 
of a high oxidizing activity of the solutions and their acidification due 
to a partial hydrolysis of iron. 

It can be presumed that the utilization of valuable constituents that 
are today lost with the wastes is impeded principally due both to their 
low concentrations and to unfavourable mineralogical and physico-
chemical properties of the wastes, resulting from the processing (melt-
ing, regrinding, oxidation, reaction with residual reagents). A promising 
trend for bringing down losses of metallic and non-metallic mineral 
components in wastes is the use of technological schemes combining 
physico-mechanical and dressing methods and those of biohydro-
metallurgy,. in certain cases possibilities being open, moreover, for 
setting up non-waste technologies and for expansion of the raw-material 
basis. 
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ENVIRONMENTAL PROTECTION IN MICROBIOLOGICAL 
HYDROMETALLURGY 



EVALUATION OF ACID PRODUCTION POTENTIAL OF MINING 
WASTE MATERIALS 

A. BRUYNESTEYN and R.P. HACKL 
Division of Extractive Metallurgy, B.C. Research. Vancouver, Canada 

INTRODUCTION 

The oxidation of reduced sulfur compounds and ferrous iron by the 
leaching bacterium Thio bacillus ferrooxidaris, resulting in acid genera-
tion and metals solubiization, has long been recognized as a naturally 
occurring process that can be exploited in mining operations [1, 21. 
Indeed, methods of promotion and acceleration of biological activity 
have been so successful that bioleaching of copper sulfide concentrates 
is now considered technically feasible [3-5] and less polluting than 
smelting methods. 

However, acidic effluents emanating from many coal and sulfide 
mines, often attributed to biological activity, is recognized as an envi-
ronmental hazard. Inhibiting these naturally occurring organisms on a 
practical scale is much more difficult than accelerating their activity. 

This paper details the chemistry of biologically assisted acid pro-
duction and describes methods developed to determine whether or not 
a mining waste material has the capability to become acid producing 
when left exposed to the atmosphere. If initial tests show a material 
to be a potertial acid producer, then scale-up testing, in the form of 
column leach tests on large core or —20 cm material, will elucidate 
effluent characteristics and what effect climatic conditions have upon 
these characteristics. Such information is essential for the physical 
design of waste piles so that acid production can be minimized, and fbr 
the conceptual design of effluent treatment facilities. 

BACKGROUND AND THEORY 

The production of acid mine waters arises from the oxidation of 
metallic sulfide minerals, particularly those containing iron. In theory, 
this oxidation can occur either chemically or biologically, but in 
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practice the bacterium T. ferrooxidans is always present in acid mine 
waters, suggesting that the organism plays a major role in the formation 
of acid mine waters. 

T. ferrooxidans is a unique bacterium; its energy for growth is 
obtained from the oxidation of reduced sulfur compounds (e.g. sulfl-
des) and ferrous iron. It is the only organism known that has the capa-
bility of oxidizing the sulfide portion of insoluble metallic sulfides. 
The bacterium requires an aquatic environment but air is the source 
of the oxygen and carbon dioxide required. The bacterium also re-
quires a source of ammonia nitrogen as well as small amounts of phos-
phate, calcium and magnesium, which are usually present in natural 
waters. 

Numerous evidence exists which suggests that T. ferrooxidans can 
attack sulfide minerals by direct oxidation of the sulfide moiety [6-10]. 
An enzyme containing a sulfhydryl group is postulated to attack the 
sulfide ion, and a polysulfide chain is built up [11].  The sulfur atoms on 
this chain are ultimately oxidized through to the sulfate ipn form 
which is released into solution. Ferrous iron, if present, is oxidized 
simultaneously.to the ferric form by a different enzyme system. 

Microbiological acid production from sulfide minerals can be 
illustrated using yrite as an example. 

4FeS 2  + 1502  + 14H2  0 4Fe(OH)3  + 8H2  SO4 	(1) 

This equation represents the complete hydrolysis of all the ferric 
iron and the production of two moles of sulfuric acid per mole of py -
rite. In practice, we find that in an acidic environment, the iron does 
not precipitate as ferric hydroxide, but rather as a basic ferric sulfate 
or jarosite type mineral, represented by the formula: 

A Fe3  (SO4 )2  (OH)6 , where A can be H 3 0, NH, K', Na, etc. 

Assuming all the iron precipitates as hydronium-jarosite, the follow-
ing equation explains the bxidation of pyrite. 

12FeS 2  t 450 + 34H2 0-4H3 0Fe3 (SO4 ) 2 (OH)6  + 16H2 SO4  (2) 

In this case, 1.33 moles of sulfuric acid are produced per mole of 
pyrite. In practice, neither equation (1) nor equation (2) applies 
completely and the actual amount of sulfuric acid produced in a natural 
situation will be dependent upon a combination of reaction (1) and (2) 
and does vary between 0.67 and 1 mole of acid per mole of sulfide 
present. 

If the mineralization contains a copper sulfide such as chalcopy -
rite, acid can be produced according to either reactions (3) or (4), 
thus producing 0.5 moles or 0.17 moles of acid per mole of sulfide. 

336 



4CuFeS 2  + 170 2  + 10H 2 0 - 4CuSO 4  + 4Fe(OH) 3  + 4H 2  SO4  (3) 

12CuFeS 2  + 510 2  + 22H 2  0 - 12CuSO4  + 4H30Fe 3(SO4)2 (OH)6  + 
+4H 2 504 	 (4) 

However, some sulfides such as bornite (Cu 5  FeS4 ) will be net acid 
consumers when oxidized, as shown by the following reaction. 

12Cu 5 FeS 4  + 1110 2  + 2011 2  SO4  -6OCuSO4  + 
+ 411 3 OFe 3 (SO4 ) 2 (OH)6  + 2H 2 0 	 (5) 

Other non-ferrous sulfides such as millerite (NiS) and sphalerite 
(ZnS) also undergo direct biochemical oxidation, which can be re-
presented as follows: 

MS + 202 - MS04 	 (6) 

where M = Zn, Ni, Pb, Co, etc. 
From the foregoing discussion, it is evident that pyrite is the major 

contributor to acid production, and that the maximum possible amount 
of acid generation is one mole per mole of sulfide present. In practice, 
the amount of free acid produced is usually considerably less due to 
incomplete sulfur oxidation. If one assumes a one-to-one ratio, a safety 
factor will ensue. 

T. ferrooxidans is also capable of producing acid by the oxidation 
of dissolved components in waters emanating from mining and milling 
operations. In this paper we will concern ourselves only with the 
formation of strong acid, that is, sulfuric, and not with the formation 
of weak organic acids resulting from heterotrophic growth on available 
organic matter. 

Two possible sources of strong acid arise from soluble components; 
the oxidation of ferrous iron and the oxidation of reduced sulfur com-
pounds such as thiosulfate or polythionates. If ferrous iron is present, 
it will oxidize slowly as follows: 

2 Fe 2  + 1/202 + 2H - 2Fe 3  + H 2 0 	 (7) 

However, if T. ferrooxidans is present, the rate of this reaction can 
be increased by up to 500,000 times [12]. 

Although reaction (7) consumes acid, the femc iron produced is 
less soluble than the ferrous iron and it tends to hydrolize, releasing 
its acid content. 

2Fe3 -i-6H 2 0--2Fe(OH) 3  +6H' 	 (8) 

Thus, a net gain of 2 moles of hydrogen ions per mole of ferrous iron 
is obtained if the hydroxide product is formed. 
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With reduced sulfur compounds, either chemical or biological 
oxidation can take place, depending on conditions. The amount of acid 
released would depend on the ionic species present, the nature of the 
associated cations and the mode of oxidation. Three possible situations 
are given by equations (9), (10), and (11). 

	

S2 0+202  +H2 O-2SO+2H' 	 (9) 

	

S3  0 + 202  +:2H2  0 - 3S0 + 4H4 	(10) 

	

S4 0 -  + 7/2 02 + 3H2 0 4S0 + 6H 	(11) 

These three equations assume complete oxidation of all the reduced 
sulfur compounds, a result normally occurring only in the presence of 
sulfur oxidizing bacteria. Chemical oxidation in the acidic environment 
is usually incomplete. 

PRINCIPLE OF ACID PRODUCTION POTENTIAL TEST PROCEDURE 

A small-scale test procedure has been developed to determine 
whether a waste material may become acid producing [13].  For the 
purpose of this paper, we will briefly discuss the principle of the 
method. 

To determine whether a waste material has the potential to become 
acid producing, the acid consuming capability of the material, expres-
sed as kg H2  SO4  /tonne waste, is determined by chemical titration of a 
finely bailmilled sample (-400 mesh). This number is compared with 
the maximum theoretical amount of sulfuric acid Which could be 
produced, calculated stoichiometrically from the sample's total sulfur 
content. If the alkaline content of the sample consumes more acid 
than could theoretically be produced, there is no danger that the 
waste, in run-of-mine size, will become a source of acidic effluents. 
The sample is classified as a non-acid producer. 

However, if the opposite is true, that is, the waste material could 
theoretically produce more acid than it can consume, a biological 
leach test must be performed to determine how much of the contained 
sulfur can be converted into sulfuric acid. This biological, test consists 
of mixing into a 250 ml baffle-bottom Erlenmeyer flask, 15-30 grams 
of —400 mesh sample with 70 ml of a nutrient medium [14]. The test 
pH is stabilized at 2.2-2.5 over a period of a few days, followed by 
inoculation with an active culture of T. ferrooxidans. The flask is 
loosely stoppered and put onto a gyratory shaker in an incubation 
room, which has a CO2  -enriched atmosphere and is temperature con-
trolled at 35 °C. This procedure ensures conditions ideal for bacterial 
growth. An active bacterial population will be indicated by a steadily 
decreasing sample pH as biochemical sulfide oxidation occurs. At this 
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point, the flask receives further incremental additions of sample and 
the effect on pH is closely monitored. If the test pH rises and ap-
proaches the sample's naturar pH, then the waste material is confirmed 
to be a non-acid producer, because any acid produced biologically is 
consumed by alkaline components in the material. However, if the test 
pH remains low, indicative of a steady net acid production, then the 
waste material is confirmed to be a potential acid producer. 

SCALE-UP TESTING PRINCIPLE AND PROCEDURE 

Since the acid production potential tests are performed on a small 
scale on finely ground material, under conditions ideal for biological 
growth, scale-up effects must be considered in order to realistically 
evaluate a waste material. Factors that will affect the biological con-
version of sulfide in a run-of-mine waste are numerous and extremely 
difficult to assess. Major factors are: 

Ratio of exposed sulfide material to alkaline gangue. 
Distribution of the sulfide minerals in the waste. 
Depth of oxygen penetration into the waste pile. 
Amount and depth of moisture penetration into the waste pile 
and effective mineral surface wetting. 
Length of dry periods. 
Presence of inhibiting soluble metals. 
Temperature. 

Preventing water and/or air from entering the waste pile will elim-
nate the danger of acid production. However, on a practical scale, such 
preventative measures may not be feasible. Thus, provisions must be 
made to minimize acid production and to provide treatment facilities 
for the acidic effluents produced. A scale-up test procedure has been 
developed, which is performed on either core material or run-of-mine 
waste, that will assess the acid-producing character of run-of-mine waste 
and characterize the effluents produced from such wastes as a result of 
natural leaching processes. 

Appropriately sized sample material is placed in 2 to 6 meter high 
columns and leached with re-circulating neutral pH distilled water to 
which an active culture of T. ferrooxidans has been added. Such recir-
culation keeps any free acid produced in the leach circuit and thus 
enhances the rapid establishment of an environment amenable to micro-
biological sulfide oxidation processes. Samples of the recirculating 
solutions are assayed at appropriate intervals to determine the rate of 
increase of selected metals and chemicals of environmental concern. 
A list of the typical water quality parameters of concern to British 
Columbian coal and metal mine operators (Table 1 and 2, respectively) 
is quite comprehensive, and shows that analytical costs associated with 

339 



frequent solution assays can be a significant financial factor in a major 
testing programme. 

As would be expected, the pH of the effluents produced from waste 
materials plays an important role in solution quality. Not only does 
the pH control the solubiity of the various metals but, in the case of 
the sulfide wastes, a low pH encourages biological breakdown of metal 
sulfides, thus increasing the rate of solubiization of corresponding 
metal sulfides as well as production of ferric sulfate lixiviant. The onset 
of rapid biological sulfide oxidation commences when the pH of the 
solution in contact with the waste, through natural causes, has reached 
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a value between 5.0 and 4.5 (Fig. 1). Rapid increases in copper and iron 
concentrations coincide with the establishment of a high oxidation 
potential, normally above 600 mV (relative to calomel). 

If the pH does not decrease below 5 (Fig. 2), rapid biological acti-
vity does not occur, the oxidation potential remains below 600 mV, 
and dissolved metal concentrations remain low. In some tests carried 
out in our laboratories, copper and iron concentrations remained below 
0.2 mg/i and 0.1 mg/i, respectively, when 100 kg of waste was leached 
with 20 litres of water. 

If a material proves to become acid producing under the continuous 
recirculating leaching method employed, it is important to determine 
if such material will remain acid producing when submitted to single 
pass leaching with simulated rain water, since such leaching will remove 
acid. During a long dry spell, the leaching bacteria will continue to 
oxidize sulfides, produce acid, and cause high concentrations of metal 
values and salts in the interstitial waters. During a rain period, the 
percolating rain will wash the waste materials and remove a portion of 

Table 1 Table 2 
Water quality parameters. Water quality parameters. 
Coal mine development Metal mine development 

Temperature Temperature 
pH pH 
Dissolved Oxygen Dissolved Oxygen 
Dissolved Solids Dissolved Solids 
Suspended Solids Suspended Solids 
Volatile Suspended Solids Volatile Suspended Solids 
Turbidity Turbidity (NTU) 
Alkalinity Alkalinity 
Specific Conductance Dissolved Magnesium, Calcium 
Total Organic Carbon Specific Conductance 
Hardness (calculated) Sulfate 
Sulfate Ammonia 
Total Phosphate Total Carbon 
Nitrate and Nitrite Total Organic Carbon 
Ammonia Phenol 
Fluoride Total Mercury 
Total Calcium Total Phosphorus 
Total Magnesium Ortho Phosphate 
Total Mercury Dissolved Phosphorus 
Dissolved Zinc Nitrite 
Dissolved Copper Nitrate 
Dissolved Iron Dissolved Arsenic 
Dissolved Mercury Dissolved Iron 
Dissolved Silver Dissolved Copper 
Dissolved Lead Dissolved Manganese 
Dissolved Arsenic Dissolved Zinc 
Dissolved Cadmium Dissolved Lead 
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the dissolved species, thus producing their relatively high concentration 
in the effluent emanating from the waste. It is of great Importance to 
determine if, after washing by rain, the remaining interstitial water will 
again become acidic. This is very much a function of the acid-producing 
characteristics of the wastes and the amount of oxygen that can pene-
trate into the waste. Unless the waste is moderately acid producing the 
neutralizing effect of the rain water may remove sufficient acidity 
from the interstitial waters to prevent subsequent biological activity. 
In cases where the waste material remains acidic, the characteristics 
of the effluents to be produced from a commercial-sized dump of such 
waste can be determined reasonably accurately, providing information 
of great assistance to the designer of the effluent treatment facilities. 

We prefer to make such a determination in 6 metre high columns on 
—20 cm material. By subjecting the waste material to rest cycles with a 
duration similar to the length of dry spells at mine site, followed by 
washing-leaching with quantities of neutral pH water, equivalent to, 
for example a 10 year - 4 hour maximum rainfall, a reasonably accu-
rate assessment can be made of the maximum amount of the various 
metals and salts that can be extracted per thousand tonnes of waste. 
Only when the information obtained from such an assessment is avail-
able can a practical assessment be made of the need to minimize 
effluent production by making the waste dump impermeable. If treat-
ment facilities are unavoidable, advantage can sometimes be taken of 
the biological acid production by recovering some of the metal values 
of economic importance from the effluents. 

CONCLUSION 

From the foregoing description of waste material testing, it is 
apparent that any such testing programme should be carefully designed 
to incorporate variations in waste characteristics and climatic condi-
tions, as well as waste dump configuration and dump construction 
methods. The results of such a properly executed test programme can 
have a significant effect on the cost of the necessary effluent treatment 
facilities by preventing over-design. 
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ENVIRONMENTAL PROTECTION AND USE 
OF MICROORGANISMS FOR INDUSTRIAL 

WASTE WATER TREATMENT 
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Institute of Microbiology and Virology, Kazakh SSR 

Academy of Sciences, Alma-Ata, USSR 

INTRODUCTION 

Microbiological methods can be effectively used for the removal of 
organic and mineral pollutants from industrial waste waters. It is im-
portant that the removal of organic compounds from water should 
utilize not only the traditional means of intensifying oxidation reac-
tions by controlled aeration and temperature, but also take into 
account the specific aspects of microbial metabolism: cometabolism, 
transformation of individual functional groups of xenobiotics, etc. 
Metal ions are removed through immobilization by the products of 
microorganism life activity and as a result of reactions of oxidation and 
reduction of variable-valency elements. Cyanides are destroyed by 
heterotrophic microorganisms which utilize the nitrogen of the cyani-
des in the presence of a nitrogen-free source of carbon. 

Toxic pollution of the planet constitutes the worst form of natural 
ecosystems' depletion and degradation and the main adverse con-
sequence of human impact on the environment. Stresses of ecological 
systems are caused by the contamination of the natural environment 
with both organic pollutants, natural and man-made, and a large group 
of mineral substances, the worst pollutants among them being heavy 
metals - meixury, lead, copper, cadmium and zinc. The ever mounting 
influx of industrial organic and mineral pollutants into the ecosystems 
severely overtaxes the self-purification capacity of the biosphere, 
which is based on the life activity of microorganisms. About 30-40 years 
ago when the main pollutants comprised municipal and household 
wastes, the problem of purification was successfully resolved, since 
naturally occurring substances were easily oxidized and decomposed 
through intensification of spontaneous microflora activity by aeration 
and temperature control. 

Initially, waste waters were purified by passage through filtration 
and sewage irrigation fields where organic substances were oxidized by 
the spontaneous microflora of the soil. Later, oxidation ponds and 
aeration tanks appeared, where the process of purification was carried 
out by an association of microorganisms forming what is known as 
activated sludge. 

It is not our purpose to analyze the state of the problem of micro-
biological treatment of industrial waste waters in the individual 
branches of the national economy; in this lecture we believe it more 
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appropriate to demonstrate the problems that arise and how micro-
biologists deal with them in the attempt to protect the environment 
against pollution. Nor shall we dwell on the technical devices or techno-
logical features of the processes of waste water treatment. We would 
like to draw attention to two aspects: 

Specific traits of decomposition of organic compounds in in-
dustrial wastes by microorganisms. 

Microbiological removal of metal ions and cyanides present in 
the waste waters of mining and metallurgical productions. 

MICROBIOLOGICAL DECOMPOSITION OF ORGANIC COMPOUNDS 
IN INDUSTRIAL WASTE WATERS 

The advent of chemical industry brought into the waste waters 
organic compounds that had not existed in nature; many of these are 
difficult to decompose microbiologically. 

Protection of the environment against pollutants will be only 
successful if the chemical compounds carried with waste waters are 
amenable to microbiological decomposition and, when decomposed, 
enter the circulation of substances in the biosphere. 

Despite its urgency, the problem of elaborating microbiological 
techniques for the treatment of industrial waste waters is still at the 
stage of initial research. This is partly due to the fact that for a long 
time this problem was overlooked by scientists working in the field of 
theoretical microbiology and was mainly studied by experts in in-
dustrial laboratories where more attention was given to technology 
than to the scientific foundations of the "microorganism-substrate" 
interaction. 

Owing to the products of chemical synthesis and of coal coking, 
and wastes of iron and non-ferrous metallurgy and of other industries, 
that are present in waste waters, the latter's composition has become 
highly complex. The spontaneous microflora of activated sludge is not 
always capable of purifying water to a satisfactory quality, thus neces-
sitating more energetic scientific research aimed at the intensification 
of microbiological treatment processes. 

Naturally occurring organic compounds carried with waste waters 
are mineralized by microorganisms to the end products, whereas far 
from all man-made compounds can be decomposed by microorganisms. 
Hence the necessity to find microorganisms capable of transforming 
man-made chemical compounds and utilizing them through ordinary 
microbial metabolism. These reactions take place at the very initial 
stages of foreign compound transformation by microorganisms, i.e., 
at the stage of peripheral metabolism. 

A convincing example of the reactions of preliminary metabolism, 
carried out by microorganisms in order to involve chemical compounds 
into the processes of central metabolism, is provided by the microbio- 
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logical transformation of nitro compounds, which are highly toxic to 
the majority of saprophytic microorganisms. The microbial destruction 
of nitrobenzenes, nitrophenols, and nitrobenzoic acids begins with the 
reduction of the nitro group by denitrifying bacteria, producing corres-
ponding amino derivatives which are non-toxic and can be easily 
metabolized by many microorganisms [1, 2]. 

A two-stage process is suggested for the removal of these com-
pounds from waste waters. At the first stage aromatic compounds are 
reduced by anaerobic microflora of the therinophile-fermented sedi-
ments of municipal treatment facilities. As a result of nitro group 
reduction and partial detoxification of waste waters, the latter's com-
ponents can be subsequently oxidized at the second stage in aeration 
tanks. 

Many chemical compounds present in waste waters cannot be 
decomposed, or used as a source of carbon and energy, by micro-
organisms, and therefore pass intact through the treatment facilities. 
It was observed that many compounds that were hard to decompose 
as a sole source of carbon, were metabolized by microorganisms in the 
presence of easily accessible sources of carbon under conditions of 
cometabolism. In the USSR the problem of cometabolism is being 
successfully studied by Skryabin and Gol ovleva [31. Under conditions 
of cometabolism, both transformation and complete degradation of 
foreign compounds are possible. 

We studied the effect of organic additives on the rate of microbial 
destruction of organic flotation reagents: oxidized kerosene (OK) 
and oxidized recycle (OR-100) [4].  Glucose (2 g/l) was introduced as 
an additional source of carbon into the culture Pseudomonas sp. The 
results of the study indicated that oxidized recycle was completely 
degraded during the experiment (24 days) following addition of glu-
cose to the medium while many components of kerosene in the me-
dium with glucose remained unaffected by the microorganisms. 

Because of their toxicity, many synthetic organic substances which 
are difficult to decompose microbiologically, when passing through 
treatment facilities, produce a destructive effect on the microflora of 
the activated sludge, necessitating a preliminary decomposition at the 
local pre-treatment installations. As a result of selection, researchers 
isolated microorganisms capable of destroying resistant toxic com-
pounds, such as hexamethylenediamine, formaldehyde and dimethyl 
dioxane [5],  a-methylstyrene [6] and others. 

Industrial growth increases the volumes of waste waters to be 
treated, and raises the concentrations of toxic organic and mineral 
pollutants, accentuating the urgent call for intensification of treat-
ment processes. 

An effective way to intensify the treatment of industrial waste 
waters may be to increase the oxidative capacity of activated sludge 
through addition of chemical mutagens [7, 8, 9, 10, 111. Under the 
effect of chemical mutagens, nitrosomethylurea or dinitrosoethylurea, 
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the composition of the microbial population of the sludge is trans-
formed, changing its fermentative properties. The treated sludge pre-
cludes development of filamentous bacteria, and settles better. As a 
result of the increase in the oxidative capacity of the sludge, the rate 
of oxidation of organic substances increases, the expenditure of air for 
aeration and the time of aeration are reduced. 

A method was found to intensify the removal from waste waters 
of 2-methyl-5-vinylpyridine (MVP), a toxic product which is hard to 
decompose by microorganisms. To raise the efficiency of MVP removal 
the activated sludge was treated with nitrosomethylurea. This drasti-
cally increased the effective cap.acity of the aeration tank, making it 
possible to raise the MVP content of waste waters from 20 to 175 mg/i. 

Thus, the presence of products of chemical synthesis in waste 
waters calls for a new approach to the problem of microbiological 
treatment, an approach taking into account both the specific features 
of the compounds to be degraded and the peculiarities of the micro-
organisms' metabolism. Only basic research in the field of physiology, 
biochemistry and genetics of microorganisms will make it possible to 
find effective methods for destruction of organic compounds which 
are to be removed from waste waters. 

MICROBIOLOGICAL REMOVAL OF METAL IONS AND OF CYANIDES 

Another important scientific and practical task is the elaboration 
of a microbiological technology for the removal of metal ions from 
water, which ultimately means converting them to an immobilized, 
insoluble state. Following chemical and physical processes, also impor-
tant for determining the dynamics of the metal content of water is 
the biological factor. Apart from higher aquatic plants, metal ions are 
sorbed by water-dwelling algae and microorganisms. 

Sorption of metals by microorganisms and by the products of their 
life activity is of a physico-chemical nature, i.e., what takes place is 
the adsorption of metals on substrates of biological origin. Neufeld and 
Hermann [121 observed the sorption of mercury by activated sludge 
during a three-hour contact period. This metal, as well as zinc and 
cadmium, was sorbed very rapidly by activated sludge. Though the end 
equilibrium in regard to the metals tested was achieved after two weeks, 
the three-hour contact was quite sufficient for ensuring nearly complete 
equilibrium between the concentration of, the metals in the solid and 
liquid phases. We observed mercury precipitation on the surface of 
activated sludge in waste waters of a synthetic rubber factory. The 
maximal mercury saturation took place during the first G to 12 hours 
of contact followed by a phase of slow sorption. 
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The ability of products of mineralization of vegetable remnants to 
precipitate metals was used as the basis of a technology for the removal 
of metal ions from waste waters of dressing plants [13---16]. For this 
purpose, a secondary settling pond was redesigned: reeds were cut 
down on an area of 34.6 ha. This stimulated the life activity of hetero-
trophic microorganisms and enhanced the decomposition of the vege-
table mass, resulting in a drastic drop in the concentration of heavy 
metals in the water. 

Of great importance for the immobilization of metals is the bio-
genic formation of hydrogen sulfide. This process is very important 
also in the formation of sulfide ore deposits, since in the presence of 
hydrogen sulfide all metals precipitate. 

Usually, the conditions in the water are not optimal for the deve-
lopment of sulfate-reducing bacteria, but in the sludge and bottom 
layer of water, in the presence of organic matter and sulfates, sulfate-
reducing bacteria may be important for the removal of metal ions 
from water. In our experiments we observed a direct relationship bet-
ween the number of sulfate-reducing bacteria, the presence in the 
medium of organic matter accessible to them, and a drop in the con-
centration of copper in the solution to zero values. 

In cases when the conditions in purification facilities are unfavour-
able for the life activity of sulfate-reducing bacteria, these organisms 
may'be cultivated in containers made of semipermeable membrane, for 
example, cellophane, that are placed in water, in the path of heavy 
metal ions [17].  The hydrogen sulfide produced by the bacteria diffuses 
through the cellophane and interacts with the metals, precipitating 
them in the form of sulfides. 

The oxidation and reduction of metals by microorganisms is an 
important link in the chain of geochemical transformations of elements 
on the globe. Their oxidation by autotrophic microorganisms provides 
the latter with energy; however, a large contribution is made by hetero-
trophic microorganisms, for which the transformation of metals is an 
auxiliary process, and is not significant energetically. In accordance 
with their chemical properties, metals frequently act as electron accep-
tors in the chain of anaerobic processes, with a decrease in valency as 
a result of their reduction by microorganisms. 

The transformation of metals with variable valency by micro-
organisms considerably affects their solubiity in water. This circum-
stance is taken into account in the development of microbiological 
technology for the removal of arsenic, chromium and other elements 
from waste waters. 

Chemical removal of arsenic from waste waters is based on the 
oxidation of As (III) to As (V) utilizing pyrolusite. The method's 
disadvantage is that it requires multiple dilution of the influent waste 
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waters. This oxidation is necessary for obtaining a form of arsenic 
which produces practically insoluble precipitates with phosphates and 
calcium. Compared to chemical oxidation, microbiological oxidation 
of As (III) to As (V) appears more economical. Cultures of hetero-
trophic arsenic-oxidizing bacteria were isolated —Pseudornonas putida, 
Alcaligenes eutrophus, which oxidized up to 2 g/l of arsenite [ 18 ]. 
Waste waters containing arsenic -are passed through oxidation columns 
in which the bacteria have been adsorbed on the surface of plastics or 
wood shavings. In the latter case it becomes unnecessary to supply 
the solutions with organic matter, since the organic carbon required 
for the nutrition of the bacteria is obtained from the wood. 

While removal of arsenic from waste waters requires stimulation of 
microbiological oxidation of this element, the elaboration of a techno-
logy for the removal of chromium followed the path of microbiological 
reduction [19, 20] because, of the two forms ofchromium, Cr (VI) 
and Cr (III), the trivalent form is the less toxic, and the reduction of 
this element serves therefore as a means of Its detoxification. First an 
enrichment, and then pure culture of Bacterium dechromaticans, 
which uses chromates as electron acceptors under anaerobic conditions, 
have been obtained [19].  This microorganism utilizes the chemically 
bound oxygen of chromates for oxidizing organic substances in house-
hold sewage. A continuous-flow biological installation was designed 
for working out the technological process of removal of Cr (VI) com-
pounds from industrial waste waters. The resulting technological 
process for the purification of áhromium-containing waste waters by 
microorganisms has passed pilot trials and is now being introduced at 
a number of industrial enterprises around the country. 

We have given some examples of metal immobilization as a result 
of the life activity of microorganisms, demonstrating how metals are 
converted to a low-mobile insoluble form through interaction with the 
products of microbiological transformation of organic matter and with 
hydrogen sulfide of biogenic origin. Such biological neutralization of 
harmful or toxic substances may be ecologically significant since the 
immobilized elements may be permanently or temporarily rendered 
incapable of actively affecting the environment. 

The waste waters of non-ferrous metallurgical and chemical in-
dustries contain considerable quantities of cyanides, which are biolo-
gical poisons, to be destroyed by all available technological means. 
Modern chemical methods of removing cyanides from waste waters 
rely on oxidation to cyanates, completely destroying the CN-group 
and precluding the secondary contamination of water with cyanides. 
Most frequently used for this purpose are chlorination and ozonization. 
These oxidation methods, however, have a serious shortcoming; they 
fail to destroy complexes of cyanides with metals widely used for 
technological purposes. To remove these from the water, ion-exchange 
methods may be effectively used. 
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Observations show that the microbiological process of cyanide 
decomposition is considerably accelerated upon the introduction into 
the medium of nitrogen-free sources of carbon, for example, carbo-
hydrates [21, 22]. Thus, treatment of waste waters of a lead con-
centration plant destroyed 24 to 70 % of thiocyanates in 5 days with 
the addition of carbohydrates (sucrose) and only 3.7 to 28 % without 
an additional carbon source. Under industrial conditions it is recom-
mended, to enhance the development of non-specific cyanide-destroy-
ing microflora, to enrich the waste waters with plant remnants or plant 
hydrolysate. 

A study of how nitrogen sources influence the destruction of cya-
nides by microorganisms has revealed that the addition of nitrogen 
compounds to the medium inhibits the process of cyanide decomposi-
tion. Sometimes in practical treatment industrial and municipal-house-
hold effluents are mixed. Our observations show that in such cases 
the presence of compounds rich in organic nitrogen slows down the 
process of cyanide decomposition. 

Under industrial conditions the addition of ammonium sulfate to 
the waste waters for the purpose of stimulating the life activity of the 
microorganisms oxidizing the organic flotation agents, slowed down 
the rate of cyanide destruction. 

The inhibition of cyanide destruction in the presence of readily 
accessible nitrogen apparently indicates that microorganisms switch 
to nitrogen nutrition from the latter source. In the case when cyanides 
are the only source of nitrogen in the medium, there is a close relation-
ship between the propagation of heterotrophic microorganisms and the 
drop in cyanide concentration within a wide range of C/N ratio. 

Thus, to remove cyanides from waste waters, it is necessary to 
create favourable conditions for the propagation of heterotrophic 
microorganisms, primarily by providing them with a nitrogen-free 
source of carbon at optimal temperature and aeration. At iron-and-steel 
plants the two-stage treatnient of waste waters of the coking process 
has been found inappropriate because this technology envisages sepa-
rate stages for removal of phenols and of thiocyanates. Treatment 
intensity sharply increases when phenol-thiocyanate-containing waters 
are treated in a single aeration tank-mixer according to a single-stage 
scheme [23].  In this system, heterotrophic bacteria consume phenol as 
the source of carbon, assimilating the nitrogen of thiocyanates And 
cyanides. 

CONCLUSION 

The aforementioned data point to the great potential of znicrobio-
logy for resolving the problems of optimal control and intensification 
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of industrial waste water treatment processes. Diversity of chemical 
transformations carried out, completeness of reactions and efficiency 
of the solutions found make the microbiological method of waste 
water treatment easy to realise, profitable and able to compete with 
itp chemical counterpart. 
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NEW TRENDS IN BIOGEOTECHNOLOGY 



MICROBIAL BIOGEOTECHNOLOGY 

M.V. IVANOV 
Institute of Biochemistry and Physiology of Microorganisms, USSR 
Academy of Sciences, Pushchino, Moscow region, 142292, USSR 

Intensive development of various branches of microbiology during 
the passed 10-15 years was accompanied not only by tremendous 
progress of fundamental knowledge but also by persistent attempts of 
varied uses of microorganisms and their metabolites in diverse in-
dustries. Big successes in the practical application of microorganisms 
have been scored in those spheres of man's industrial activity which 
have traditional ties with microbiology of long standing. First and 
foremost this pertains to various food industries, biosynthesis of medi-
cines and other physiologically active compounds as well as to agricul-
tural practices involving microorganisms. 

The present report has for an object to review the investigations 
which contributed to scientific foundations and concrete microbial 
technologies employed in various branches of mining industry. This 
recent field of knowledge may be called Microbial Biogeotechnology 
and considered as rather a specific component of general biotechno-
logy. Specific features of microorganisms used in biogeotechnology, 
originality of the chemical composition and physico-chemical proper-
ties of the raw materials processed by microbes and, finally, peculia-
rities of ecological conditions in which microbial processes occur in 
mineral deposits - all this stands to reason that the microbial biogeo-
technology may be considered as an independent field of human 
research and industrial activity. 

One of the best investiated biogeotechnological processes is the 
use of thionic bacteria for the leaching of iron, non-ferrous metals and 
uranium from sulfidized rocks. Particular features of the microbial 
leaching of metals are treated in sufficient detail in other sections of 
this book. Therefore, the present paper will concentrate upon the 
possible uses of microorganisms during extraction and processing of 
other minerals. 

355 



Table 1 shows some examples of the geochemically important 
microbial processes occurring in exploited oil-fields, coal basms, and 
native sulfur deposits and which are of high technological significance 
during mining and processing of these minerals. This table indicates 
also the basic microorganisms which play the key role in specific pro-
cesses brought about during extraction and processing of the tabulated 
minerals. In fact, these processes involve an essentially more varied 
score of microorganisms: generally the whole complex of the natural 
microflora populating waters and rocks of a deposit. Activities of the 
microbes shown in Table 1 solely crown the entire complexity of inter-
relations existing in biocenosis and have a notable impact on techno-
logical techniques and, consequently, should be subject to primary 
consideration and regulation. 

Before going into details of specific examples of microbial techno-
logical techniques of extraction of minerals, one should dwell upon 
some theoretical bases of modem biogeotechnology. 

The first constituent part of such fundamental bases is the physio-
logy of microorganisms, primarily, the particular physiology of those 
specific groups of microorganisms which are presented in Table 1 and 
often found under ecological conditions close to the extremal ones. 

Table 1 

Use of microorganisms in mining industry, some examples 

Natural or technological process 	 Microorganisms 	- -- 

Oil production and processing 
Prospecting of oil and gas fields 
Drilling using microbial polymers 
Transformation of stratal water compo-
sition and H 2 S corrosion of equipment 
Use of surfactants to enhance oil recovery 
Use of polymers to enhance oil recovery 
Use of gas generation to enhance oil 
recovery 
Plugging of pores in oil-bearing ores 

Purification of the environment from oil 
pollution 
SCP production 

Coal mining 
Gas content decrease in coal strata 
Decrease in methane release from 
worked-out areas 
Acid drainage formation 
SCP production from casing-head gas 

Hydrocarbon oxidizing microorganisms 
Heterotrophic mucoid bacteria 
Sulfatereducing bacteria 

Heterotrophic microorganisms 
Heterotrophic microorganisms 
Fermentative anaerobes and methano-
genie bacteria 
Hydrocarbon oxidizing and hetero-
trophic bacteria 
Hydrocarbon oxidizing microorganisms 

Hydrocarbon oxidizing microorganisms 

Methaneoxidizing bacteria 
Methaneoxidizing bacteria 

Thiobacteria 
Methaneoxidizing bacteria 
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Table 1, continued 

Natural or technological process 	I --- 	Microorganisms 

Production and processing of native sulfur 
Prospecting of non-carbonate sulfur ores 	Thiobacteria 
Transformation of ground water compo- 	Sulfatereducing bacteria 
sition and H 2 S corrosion 
Sulphuric acid weathering of deposits 	Thiobacteria 
proper, ore stocks and_products 

The second most important component is the modem dynamic 
ecology of microorganisms providing for a quantitative assessment of 
microbial metabolic pathways under natural conditions. 

The third constituent part of modem biogeotechnology is the 
theory and practice of limiting and stimulating microbial growth in 
conditions of a flow culture both of pure and mixed populations. 

The first of these theses does not seem to a biologist to need special 
evidences. It is obvious, for example, that without isolation of pure 
cultures of acidophilic thiobacilli or methanotrophic bacteria and 
detailed investigation of their physiology and biochemistry, the very 
concept of biological oxidation of sulfides in acidic drainage water or 
methane oxidation under low-temperature conditions would not have 
been rigorously substantiated. Experience points, however, to the fact 
that with isolation of newspecies of microorganisms from the natural 
microflora and their thorough investigation our ideas about peculiarities 
of specific physiological species of microorganisms may evolve essen-
tially and this, in turn, will influence an assessment of the geochemical 
role of microorganisms. 

In this context, an instructive example is given by recent investiga-
tions conducted by N. Pfennig and his associates on physiological 
aspects of sulfate-reducing microorganisms. Up to the recent time, 
scientific literature was dominated by Campbell and Postgate's stand-
point according to which there exist two types of such bacteria - a 
non-sporous genus Desulfouibrio and a sporous one Desulfotomaculum 
[1, 2]. It was also assumed that all bacteria referred to this group utilize 
for sulfate reduction quite a limited set of organic acids, alcohols, and 
hydrogen. 

As studies expanded on mud deposits and stratal H 2  S-containing 
waters in oil-fields, numerous bacterial cultures were isolated which 
differed sensibly by a number of their characters from Campbell and 
Postgáte's type cultures [3,. 4];  part of the new cultures have been 
referred to the third genus - Desulfomonas. Quite recently, after 
publication of a paper by Widdel [5],  it became evident that the exist-
ing taxonomy and physiological peculiarities of the group of sulfate-
reducing bacteria should be entirely revised, since Widdel succeeded in 
isolating a vast collection of cultures fairly unusual as to their morpho-
logy and a spectrum of utilized organic compounds. 
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In the course of the aforementioned studies it was revealed that 
some sulfate-reducing bacteria, in particular, Desulfotomaculurn aceto-
oxidans [6] were capable of performing sulfate reduction using acetate. 
These data have strongly shaken a harmonious concept of anaerobic 
decomposition of organic matter according to which acetate is utilized 
under natural conditions exclusively by methane-producing bacteria 
and, consequently, it was precisely the acetate mechanism of methane 
genesis that was considered as the basic route in various anaerobic 
ecosystems [7, 81. 

Another example of a cardinal revision of the geochemical signi-
ficance of microbial activities with regard to defining more precisely 
their physiological peculiarities may be given by the hypothesis of 
peroxide mechanism of ferrous iron and manganese oxidations by the 
so-called iron- and manganese-oxidizing microorganisms [9, 101. Within 
the framework of this hypothesis the geochemical role of these micro-
bes has closer similarity to the activities of common heterotrophs and 
consists, above all, in mineralization of organic compounds, while the 
function of iron and manganese oxidation and accumulation of their 
oxides is portrayed as secondary and not rigorously obligatory. 

Of paramount importance for the theory of microbial biogeotech-
nology as well as for its industrial applications is the second thesis - 
need for investigation of geochemical activity of microorganisms in 
situ, i.e. directly in deposits of minerals. And here, the problem is not 
conditioned exclusively by the fact that the conditions of microbial 
existence in deposits approximate frequently to the extreme ones by 
such parameters as high acidity and raised contents of heavy metals 
in the zones of oxidation of sulfur and sulfide deposits or differ by 
extremely high temperature and salinity, as often observed in oil-fields. 

The core of the matter resides in the fact that for a correct inter-
pretation of microbial biogeochemical processes and especially for a 
due elaboration of biogeotechnological techniques, it would be a 
principally erroneous practice if one is guided only by results obtained 
with pure cultures of microorganisms in bench conditions. Need is felt 
for elaborating methodological approaches and concrete methods for 
determination of the physiological activity of microbes directly in 
natural conditions. 

It is noteworthy that from the standpoint of setting, this problem 
appears important not only for geomicrohiology but also for other 
fields of ecological microbiology. An eminent Soviet scientist Wino-
gradsky was a consistent adherent of such methods to be used in soil 
microbiology and wrote as early as in 1926: "the methods for studying 
real processes brought about by microbes in nature should be based 
upon investigation of microbial communities on the whole under 
natural conditions" [ 11 ]. 

Nowadays, geomicrobiologists have at their disposal a comparati-
vely large arsenal of methods for conducting research of the kind 
(Table 2). Data condensed in this table show that for many microbial 
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processes involved in the sulfur cycle as well as in the cycles of carbon 
and nitrogen quantitative approaches have been worked out based upon 
the use of labelling techniques and high-sensitive gas chromatography. 

Application of these methods provided for quantitative estimates 
of a number of biogeochemical processes both at ecosystem and global 
levels. Factual data cited in Table 3 characterize the rates of microbial 
methane production in various ecosystems including such important 
for biogeotechnology objects as underground waters of gas and oil 
fields. 

The third column of this table deserves thorough consideration as 
it points to the fact that the natural mechanism of methane production 
reposes upon carbon dioxide reduction, and not acetate fermentation, 
as this is generally assumed in the microbiological and geochemical 
literature. 

Autotrophic fixation of carbon dioxide which occurs in the oceanic 
water column as well as sulfate reduction in oceanic sediments were 
investigated in greater detail that enables already to make their quanti-
tative assessment at the global level. Table 4 gives well-known magni-
tudes of the primary production of ornic matter in the ocean, and 
Table 5 shows recent results which characterize the scope of vital 
activity of sulfate-reducing bacteria in oceanic sediments of various 
regions. Based on the data cited in Table 5, it was calculated that 
sulfate-reducing bacteria metabolize annually in oceanic sediments 
about 450-500 Tg of sulfate sulfur which is as much as nearly three 
times the annual world output of sulfur-containing raw materials. 

Thus, the latest data of dynamic geomicrobiology and biochemistry 
make it possible to assess quantitatively certain natural processes con-
ditioned by microorganisms that, on the one hand, is of great impor -
tance for the general biological and biogeochemical concepts and, on 

Table 3 
Methanogenesis intensity (zl CH4  per day per kg wet silt or stratal water) 
and part of methane generated from CO in various anaerobic ecosystems 

Sampling site Intensity Methane from CO., % 

Kichier Lake, fresh 1261 20-520 46-92 
Gulf of Riga 1271 16.5-27.3 - 
BalticSea(271 0.10-7.30 55-99 
Persian Gulf and Gulf of Oman 1261 0.01-0.10 74-98 
Gulf of California 1261 0.001-0.006 86-99 
Arabian Sea 1261 0.004-0.01 37-99 
Stratal waters of gas bearing fields 
of the Subcaspian depression 1261 0.06-0.64 80-99 
Freshened stratal waters of oil 
field 1281 0.10-0.30 to95 
Mineralized waters of oil field 128 0.015-0.029 to 95 
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Table 4 
Organic matter primary production in the World Ocean 
according to different authors (million tons C per year) 

Organic matter primary 	Reference production 	I 
23110 29 
44000 30 
33100 31 
43500 32 

the other hand, induces practical workers to the search for routes of 
practical application of a useful geochemical activity of microorganisms 
and curbing their destructive activity as agents of biological corrosion 
and other deleterious effects. 

While assessing results obtained on the rates of microbial processes 
in natural conditions from the technological point of view, one should 
bear in mind two basic circumstances which prove to be hazardous for 
the vital activity of microorganisms in most ecosystems and, particu-
larly, in deposits of minerals. First, the growth of microorganisms 

Table 5 
Results of studies on the sulfate reduction intensity 

in the World Ocean sediments using radioactive isotopes 

Sampling site 	Intensity, ,zg.kg'•day' 

Continental seas 
Black Sea deep sediments 645* 
Baltic Sea sediments 1310 
Azov Sea sediments 1800** 

World ocean sediments 
Upper part of shelf (up to 1 lOOm) 94.0 
Lower part of shelf (100-200 m) 32.0 
Upper part of slope 
(500-1000m) 77.6 
Lower part f Arabian Sea 46.3 
of slope Gulf of California 41.0 
(1000-3000 m)L Open ocean 3.4 
Deepwater sediments (deeper 
than 3000 m) 2.1 

* —Dataof(33]. 
** - Data of 134 1. 

The other results are from the Laboratory for 
biogeochemistry, Institute of Biochemistry and 
Physiology of Microorganisms, USSR Academy of 
Sciences. 
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under natural conditions, in contrast to that in fermenters, occurs in 
the situation of a rigid limitation. Generally, the principal limiting 
factors are the following: low concentration of a readily accessible 
organic matter indispensable for all heterotrophs, reduced concentra-
tion of oxygen required by all aerobes, and limitation in phosphorus 
and nitrogen. Besides, except for aquatic ecosystems which approxi-
mate to the conditions of flow cultivation, all natural ecosystems are 
characterized by utterly unfavourable mass-exchange conditions. 

As suggest data shown in Table 6, in most deposits of minerals 
microorganisms are acting under the stress of, as a minimum, two-three 
unfavourable environmental factors approximating by their values to 
the extreme ones. In most deposits such unfavourable factors are 
anaerobic environment often combinated with toxic levels of hydrogen 
sulfide produced by sulfate reduction and enhanced mineralization of 
strata! waters (see Table 6). 

Analysis of ecological factors unfavourable for the development 
of microbial processes in mineral deposits (Table 6) may be used as a 
guideline for elaborating technological techniques aimed at repression 
of deleterious microbial processes and activation of useful ones. 

Aeration is one of the potent and fairly simple technological means 
of promoting aerobic microbial processes. This technique is success-
fully used, in particular, in all types of microbial metal leaching from 
ores. It proves to be equally efficient in the vat, heap and underground 
leachings using aerobic thionic and iron-oxidizing bacteria. 

To give other examples of the efficiency of stratal water aeration, 
for activating microbial processes in rocks and mineral deposits, a 
mention should be made about certain works of American microbio-
logists from the Sun Oil Company [35, 361. During a break of the 
underground oil pipe-line belonging to this company happened in the 
Philadelphia region in 1971, over 500 tonnes of the high-octane oil 
infiltrated into porous and fissured dolomites which were used as 
water-bearing horizons for drinking water supply to this large and 
densely populated area. 

No more than one third of the oil spilt has been pumped out 
through the specially drilled wells. It was calculated that natural pro-
cesses of the oil wash-out and oxidation would reduce its content to a 
level of tolerated concentrations in drinking water not earlier than after 
one century. Therefore, an attemp was made to induce the activity of 
hydrocarbon-oxidizing bacteria populating ground water. Nitrate and 
phosphate solutions were pumped down through the previously drilled 
wells followed by forced aeration of stratal water. 

Data shown in Fig. la indicate that immediately after aeration had 
been started, the total level of microorganisms (dark spots) and the 
numbers of hydrocarbon-oxidizing bacteria, in particular (fair spots), 
increased drastically. In control wells without oil pollution and aeration 
the numbers of microorganisms remained at a much lower level during 
the whole period of observations (Fig. ib). 
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Table 6 
List of basic ecological factors limiting the microflora development 

in mineral deposits 

High concentration 
ot HZSOk and heavy 

sU'fide and sulfur  

of organic matter 	 deposits  

IAnaerobic conditions I 

High concentration 
0f hydro9en sulfide 

('ff1Oma/l.) 

H19h mineralization 
(>iOOqfl) 

BurLed deposits of 
metal and native 
sulfur sutf ides 

Oil and natural. 
9Q5 tields 

high pressure 	r  ~~~f ~ e ~11 
(>WOatm) 

.Jecreased ph values 
(5) 

El.evated. temperature 
(>50°C) 

During one and a half year of an intensive treatment of the polluted 
area some 58 tonnes of ammonium sulfate and 39 tonnes of sodium 
phosphate were spent for activating microbial processes. This resulted 
in oxidation of about 150 tonnes of oil, and after the 18-month period 
the hydrocarbon concentration in ground water dropped to 5 mg/i. 
In other words, by virtue of fairly simple biogeotechnological tech-
niques based on the knowledge of the physiology of hydrocarbon-
oxidizing bacteria, a 75-fold increase of the rate of an aerobic microbial 
process in ground water has been reached. 

In this connection it should be pointed out that aeration of under-
ground water through a system of wells can be applied for activation 
of not only aerobic but also of some anaerobic microbiological proces-
ses in mineral deposits. All oil-producing countries are known to 
employ pumping of surface water to enhance oil recovery. Use of such 
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Fig. 1. Variation in numbers of hydrocarbon-
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wells of a non.polluted area (b) from 1351 

techniques results very often in an intensive growth of anaerobic sul-
fate-reducing bacteria in oil-bearing strata, the phenomenon leading to 
a pollution of oil and oil gas with microbial hydrogen sulfide and 
furthertto a corrosion of mining equipment [ 3 ]. 

First attempts to interpret an inducement of sulfate reduction along 
with *ater pumping into oil wells came to a statement that additional 
sulfate was introduced in oil-bearing strata. Sulfate reducers, however, 
require for their vital activity not only sulfate but also some low mole-
cular weight fatty acids which cannot be practically produced from oil 
under anaerobic conditions. 

Elucidation of interrelationships between aerobic hydrocarbon-
oxidizing bacteria and anaerobic sulfate-reducing bacteria in the zone 
close to the flood water - petroliferous stratum interface revealed 
(Fig. 2) that dissolved oxygen is introduced with flood water into the 
oil-bearing stratum bordering with a well [37-40]. The magnitude of 
redox potential in this zone is rather high and favours development of 
aerobes. Oxidized hydrocarbon derivatives are produced in this 
zone at the expense of partial oxidation of oil hydrocarbons by 
hydrocarbon-oxidizing bacteria. These derivatives are transported with 
water flow into the anaerobic zone of the stratum where they are 
used by substrates for the growth of sulfate-reducing and other anaero-
bic bacteria. 

Similar technique for inducement of an anaerobic microbial process 
by activation of the aerobic hydrocarbon-oxidizing microflora was used 
by researchers from the Laboratory of Biogeochemistry (Institute of 
Biochemistry and Physiology of Microorganisms, USSR Academy of 
Sciences) in oil-fields of the Bondyuzhskoe deposit [41, 42]. The pur-
pose of these experiments was, however, somewhat different; they were 
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Fig. 2. Variation of Eh, concentrations 
of oxygen, hydrogen sulfide, methane 
and oxidized hydrocarbon derivatives 
in the face-adjoining zonss of flood- 

water pumping wells (Scheme) 
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• aimed at activating methanogenic bacteria instead of inducement of 
sulfate reduction, as it happened. 

Irior to experiments, we studied the distribution of aerobic and 
anaerobic bacteria in underground water of the oil-fields discussed. 
Data on distribution of aerobes and the rates of methane genesis are 
shown in Table 7. The number of anaerobic bacteria was higher in 
strongly freshened water and might be as great as several thousands 
cells per litre. Pure cultures of methanogenic bacteria were isolated from 
the flood-water and highly freshened strata! water. The study of the 
morphology, and physiological and biochemical properties of these 
organisms allowed us to identify them as Methanobacterium bryantii, 
strain Omeljanskii and M. formicicum, strain Kuznetsovii, since they 
differed from typical strains. 

Using radioactive isotopes we showed that methanogenic bacteria 
were active in conditions of strata! waters. The total rate of methano-
genesis, resulting of the sum of CO2  reduction by hydrogen and reduc-
tion of methyl groups of acetate, was from 15 to 300.10 -6  j 
CH4  -litre' -day' (Table 7). The bulk of biogenic methane was formed 
by CO2  reduction. As seen from Fig. 3, the highest rate of methane 
production was observed in highly freshened waters with min.praliza- 
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tion from 15 to 45 mg/i. The intensity of methanogenesis dropped in 
stratal waters with higher mineralization level. Methanogens were not 
found in the water with the total salinity of 170 g/l and higher. High 
concentrations of dissolved organic matter including acetate and an 
appreciable decrease of bicarbonate content in brines point to a sub-
sidence of all microbial processes in this zone. 

Studies of the carbon stable isotope composition of methane and 
bicarbonate in stratal waters yielded additional information on recent 
methanogenesis (Fig. 4). Methane from regions of recent methanogene- 

6 3  C, o/ 

	

jOO 	 M1 CH4•10 6  
-70 - -50 -- .. 	 per da 

	

/ 	
CH4 	

o 0 	 360 
-50 A

° 	 300 
-40 	 c-- 240 Fig. 4. Activity of methano- 

30 	: 	 180 genesis and isotopic compo- 
 a 	' 2 	 sition of carbon in methane 

-20 	... 	• 	 120 	and carbon diode in 

	

CO24 a \ 	 c.ri 	underground waters with 

	

IU . 	..' 	 UL) 	different salinity in the 
,. 	. 	. 	.- 	 Bondyuzhskoe oil field 

0 20 40 60 80120 140 160 220 240 260 280 300 
tlLneralization, 9-17 1  

sis is significantly enriched with 12C  compared to methane from 
highly mineralized waters. On the other hand, carbon of bicarbonate in 
freshened water is heavier by its isotopic composition compared to. 
bicarbonate carbon in brines. 

The major source of mineral carbon in stratal waters is microbial 
oxidation of oil with the carbon isotope composition in the range of 
—25 to —28 %o. So, the enrichment of carbonate carbon with heavy 
isotopes occurs only during microbial CO 2  and HCO 3  reluction to 
methane. A light isotope composition of methane in freshened stratal 
waters is an additional evidence of an active modern microbial metha-
nogenesis in this part of the oil-field. 

Special attention was paid to the studies of microorganisms in the 
zone close to the flood-water - oil stratum interface in the Bon- 
dyuzhskoe oil-field. Fig. 5 shows that during the flooding of the oil- 
field, some amount of oxygen is introduced in the oil-bearing stratum 
with injected fresh water. In the zone of contact oxygen is, however, 
rapidly consumed and redox potential drops rather quickly. At the 
same time, the total number of bacteria increases significantly. The 
content of dissolved organic carbon and bicarbonate also increases. 

Emergence of anaerobic conditions in the zone of contact and 
enrichment of water with soluble organic matter and CO 2  activate 
microbial processes, in particular, the rate of methanogenesis (Fig. 5). 
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Comparison of the results of field experimeits in the Bondyuzhskoe 
oil-field (Fig. 5) with a theoretical scheme, emerged from works of 
V.A. Kuznetsova on interaction of aerobic and anaerobic processes in 
the zone close to the flood-water/oil stratum interface of flooded oil-
fields using example of sulfate reduction (Fig. 2), exhibits good corre-
lation. 

Substantial activation of microbial methane production by the 
products of aerobic microbial oil decomposition performed by cultures 
of aerobes isolated from the oil-field in question was also demonstrated 
using samples of underground water supplemented with cultural liquid 
containing products of partial oxidation of oil (Fig. 6). 

Preliminary studies were followed by an experiment on activation 
of methane production by flooding the oil-bearing stratum with aerated 
water supplemented with phosphate and nitrate. For this purpose, the 
stratum was flooded with 35 m 3  of aerated water with some 2,000 m 3  
of air; after this the well was plugged for two months. After such an 
incubation period, experimental ejection of stratal water started and 
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followed by measurement of a set of microbiological and geochemical 
parameters. Control data had been obtained during water ejection 
from the same well prior to its flooding with aerated water (see Table 7). 

Table 8 presents basic data on the increase of geochemical activity 
of methanogens. For the discharge of 115 m 3  of water, the amount of 
methane generated in experimenfal conditions was 24 times as great as 
that produced in control conditions. Altogether, 16.5 m 3  of methane 
was generated during the experimental discharge. 

The ratio between the amount of methane and the sum of heavy 
hydrocarbons in the gas composition is an important characteristic of 
the nature of methane. In the experiment this ratio was 14.6, while it 
did not exceed 1.7 for the gas from the production wells of the oil-
field, thus pointing to an essential difference in their genesis. 

The carbon isotope composition of methane changed significantly 
during the experimental discharge. Its ô 13C values, especially in the 
first samples were —88.2 O/ The average 513C  values of methane 
released during the experiment made up —64.1 Of®.  It might be com-
pared with the average value of 513C  of methane sampled from the 
nearest production wells (with mineralization level of 80 g/l) which 
was —55.7 O•  Such a significant lightening of methane released during 
the experimental discharge indicates that at least major part of methane 
is of a microbial origin. This is also confirmed by the analysis of the 
carbon isotope composition in carbonates from stratal liquids. Carbo-
nate from stratal water of the experimental discharge has the average 
51 3c value of about —10.1 O It is substantially heavier than that 
of the cDntrol discharge (the average 513C  value is —24.9 O)  and 
carbonates from the nearest production wells (the average 613C is 

I -uuii  
Fig. 6. Influence of various additives on the rate of methanogenesis in the 

stratal waters of the Bondyuzhskoe oil field: 
1 - without additives; 2 - supplemented with 200 mg/I NH:; 3 - supple 
mented with 92 mg/I PO,; 4 - supplemented with a culture liquid of 

petroleum-oxidizing bacteria 
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—15.4 o4).  Such a heavy isotope composition of carbonates also points 
to an active bacterial methanogenesis due to CO 2  reduction. 

Hence, the proposed activation of the stratal microflora leads to 
an inducement of microbial processes resulting in raised concentrations 
of organic compounds and of bacterial methane newly formed in the 
stratal waters and, consequently, contributing to an enhancement 
of oil recovery. 

The three examples from the current practice of different branches 
of industrial biogeotechnology, we have just considered, seem to 
suggest that with proper knowledge of the physiology of microorga-
nisms and thorough investigation of ecological conditions existing in 
a deposit, even a fairly simple technological technique - increased 
aeration - may lead to a desirable and quite important effect. 

However, the potentials of biogeotechnology in resolving important 
problems, the mining industry is faced with, are not confined to the 
examples cited and methodological approaches described. 

In scientific and patent literature on biotechnology and, particu-
larly, on petroleum microbiology and problems of the environment 
protection one may find some suggestions, and their number goes 
increasing, for, e.g. introduction in various ecosystems of new strains of 
microorganisms isolated earlier from natural sources and then 
thoroughly studied and selected in laboratory conditions. In most cases 
the authors of such proposals believe that simple inoculation of a more 
productive or more acid-tolerant or more psychrophilic strain to the 
natural association should result in activation of a desired process. 

Such a simplistic approach to the use of microorganisms in natural 
conditions for activation of microbial processes seems to have no 
future and might only compromise the very idea about regulation of 
vital activity of microorganisms in complex conditions arising in their 
natural habitats. 

We believe that should need be for introducing in a natural eco-
system of a "foreign" microorganism, care must be taken also about a 
complex of biogeotechnological means providing for an active survival 
of such microorganisms. 

Results of research on application of methane-oxidizing bacteria 
for reducing the methane level in coal mines may be cited as an 
example of a more or less successfull solution of such a problem. 
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Fig. 7 portrays a section of a mechanized drift with a coal cutter-
loader. Basic sources of methane are the coal stratum itself (A) and 
fragmented rocks from the rock breakage zone behind the coal mining 
complex (B). Both sources release methane into the mine atmosphere, 
and the moment its concentration approximates to the explosive one 
the automatic alarm devices switch off all the operating mechanisms. 
Work in the mine is resumed only after the methane level has been 
considerably reduced by aeration. 

Thus, the faster advances the coal face and more coal is extracted 
per unit of time, the greater is the rate of methane release and explo-
sion risk and, consequently, the coal mining process should be 
frequently interrupted. One of the methods enabling to reduce methane 
concentration in a coal stratum prior to its mining and thus to decrease 
the methane release into the atmosphere of a mine consists in microbial 
treatment of a coal block. 

The ability of methane-oxidizing bacteria to oxidize methane in 
aerobic conditions is well known to microbiologists. However, the 
problem is complicated by the fact that such microflora does not occur 
in coal strata and, furthermore, anaerobic conditions prevail in coal 
blocks. Therefore the technology of microbial lowering of methane 
content in coal should provide for both introduction of microbial cells 
in a coal stratum anl establishment of favourable conditions for repro-
duction of such aerobic bacteria. 

According to one version of such technology (Fig. 8) tested in some 
Donbass mines [44], suspension of methane-oxidizing bacteria is inject-
ed into a coal stratum through the middle borehole with a high-pressure 
pump. Then air is pumped into the coal hock for 2-3 weeks thus 
supplying oxygen for the microflora. Products of microbial oxidation 
of methane and excess air are removed through discharge holes. After 
such a treatment during 15-20 days, the gas content in coal is reduced 
by 55-60 %. Of this amount one half of methane is discharged with 
the air flux while the other is oxidized by microbes to carbon dioxide 
[44]. Even higher effects may be obtained by an extention of the 
period of aeration of coal treated with bacterial suspension, especially 
in the case when the treatment of a coal block is performed from the 
surface prior to the mining. 

As mentioned above, important quantities of methane, sometimes 
up to 90 % of its total amount entering the mine atmosphere may be 
emitted from the rock breakage zone. In this zone, especially in its 
part adjoining the operating face, the crashed rocks are well aerated, 
and hence favourable conditions are created for methane-oxidizing 
bacteria. 

Introduction of biomass of active methane-oxidizing bacteria in the 
form of specific live filter along the border of the rock breakage zone 
(Fig. 9) results sometimes in a substantial drop of methane concentra-
tion in the mine [45].  Contents of methane and carbon dioxide gene- 
rated by its oxidation in the atmosphere of a real mine may vary 
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20 t(as). 

Fig. 10. Variation of carbon isotopic 
composition in carbon dioxide and 

methane in the atmosphere of a coal 
mine using microbial method of 
combating methane level in the 
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sensibly depending upon the rates of coal mining and aeration. There- 
fore for detection of the microbial oxidation in this experiment we 
resorted also to the method of measuring carbon isotope ratios in 
methane and carbon dioxide available in the mine atmosphere [22]. 

Studies of the microbial oxidation of methane in laboratory condi- 
tions revealed that the product of its oxidation - carbon dioxide - was 
enriched with the light isotope 12C whereas the heavy isotope 13C was 
accumulated in residual methane [46].  Data shown in Fig. 10 indicate 
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that the isotopic composition of carbon dioxide and methane is notably 
changed in the mine atmosphere with the development of an active 
microbial oxidation of methane in the rock breakage zone; similarly to 
the laboratory experiments, carbon dioxide is enriched with the light 
isotope and residual methane with the heavy one. It may be calculated 
from the data on variation of isotopic composition that the concentra-
tion of methane in the mine air decreased by 40-45 % due to the 
activity of methane-oxidizing microflora introduced in the form of 
artificial filter into the rock breakage zone. 

In conclusion it should be noted that further progress in applied 
microbial biogeotechnology will require above all broad fundamental 
investigations of the distribution and geochemical activity of micro-
organisms under natural conditions. A great deal is known about phy-
siological peculiarities of geochemically important microorganisms as 
well as about the areals of their distributioh in various ecosystems. 
Recent years have seen a notable activation of works on modelling of 
naturr'l itcrobial processes in laboratory conditions. However, quanti-
taUve aspects of the activity of microorganisms in natural conditions, 
investigation of factors capable of stimulating or inhibiting the 
functioning of particular parts of complex microbial cenoses have not 
yet been given sufficient effort. 

Still, the examples we have discussed indicate that the setting of 
such problems is far from being doomed to a failure, and in a number 
of cases the regulation of microbial processes in natural conditions is 
not only feasible but also appropriate and economical from the point 
of view of man's industrial activity. In other terms, it may be said that 
microbial biogeotechnology has proven its right to existence not only 
as an interesting field of fundamental knowledge but also as a science 
capable of real contribution to the technological progress in various 
branches of mining industry. 
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MICROBIOLOGICAL METHODS OF MANGANESE 
LEACHING IN INDIA 

A.D. AGATE 
Microbiology Department,M.A.C. S. Research Institute, Poona, India 

INTRODUCTION 

India, with a population of over 650 million and a geographical 
area of more than 3.2 million sq.km , has abundant mineral wealth, 
which despite continuous search by various agencies has large unexplor-
ed areas. The gross production of mineral commodities in 1971 amount-
ed to Rs. 4,800 million which corresponded to Rs. 9 per capita. Com-
pared to the world average, the per capita mineral production or 
consumption is less than 3 %, which is exceedingly low and almost 
unbelievable. Needless to say, our very large population always gives 
us the disadvantage in per capita statistics. 

In general, India has good reserves of iron ore, coal, mica, kyanite 
and sillimanite and reasonably good reserves of manganese and chrome 
ores. The export of the latter two ores is earning valuable foreign 
exchange at present. As the nation marches ahead in achieving self-
reliance and growth through industrialization, it is possible that our 
domestic demands would limit the export of these materials. As in the 
case of other non-ferrous metals it is possible to experience a shortfall 
of these commodities. However, in case of manganese ores in particular 
the present problem seems to be the deteriorating situation in the pro-
duction of this mineral. 

Manganese ores enjoy high order of strategic importance. because 
no quality steel can be produced without the addition of small amount 
of manganese. The production of manganese ore is closely related to 
that of steel and it is aptly called the 'Aéhilles heel' of the iron and 
steel industry, on the fabric of which the economy of a nation rests. 
Before we deal with the problem in particular we will summarize the 
existing information on occurrence of manganese in nature. 

The earth's erust contains approximately 0.1 % manganese. Manga-
nese possesses many properties similar to iron and is found closely 
associated with this element in nature. The widespread and simulta-
neous occurrence of these two elements and the complimentarity of 
properties of some of their compounds suggests the biogeochemical 
formation of these two elements in sedimentary deposits. However, 
sulfides of manganese (Alabandite) are not as common as pyrite and 
their formation by biogeochemical means is doubtful [1]. Manganese 
is less than 1/50 as abundant as iron [2] and its distribution in the 
crust is by no means uniform. For instance, in soils its concentration 
can range from 0.02 to 10.0 % [ 3 ]. From our point of view, the most 
important property is that the element shows variable valency cha- 
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racter and can exist in the oxidation states of 0, +2, +3,  +4, +6 and +7. 
In nature, however, +2 and +4 oxidation states are common, whereas 
the +3 state occurs to some extent and +2 state can occur as a free 
ion in solution. 

Among the various forms of manganese that occur in nature, 
the common ones are oxides, hydroxides, silicates and- carbonates of 
manganese (siderite). The carbonates are found in sedimentary deposits 
and are reported from hydrothermal deposits, which is also true of 
oxides of manganese. Biogeochemical formation of sedimentary and 
authigenic deposits has been widely claimed, partly on the basis of 
findings of fossils or live bacteria and algae in iron and manganese 
deposits and partly on the basis of laboratory demonstrations of 
formation of oxides by microorganisms. These deposits usually contain 
the tetravalent form of manganese; however, trivalent manganese is 
also found in manganite, braunite and hausmanite The most important 
ore of manganese from the point of view of abundance as well as 
economy is pyrolusite. Table 1 presents a source-wise listing of impor -
tant manganese minerals and their ability to interact with microorga-
nisms. 

The most important manganese deposits in the world are those in 
the Chiatura District of Caucasia in the USSR, which consist essentially 
of pyrolusite mineral. It is suggested that manganese oxidizing bacteria 
participated in the formation of Karce-Alma (Fergana) deposit, which 
is the largest manganese deposit in the USSR. It is postulated that in 
the late Cretacean period favourable conditions existed. for manga-
nese oxidizing type of flora in the Tethys basin, which resulted in the 

Table 1 

Important manganese minerals and their leachabiity 

Mineral Formula Source Microbial leachability 

Rhodochrosite MnCO, + 
Pyrolusite MnO, + 

Birnessite MnO, 
Manganite MnOOH + 
Hausmanite Mn, 0 4  - 
Pyrochroite Mn(OH) 2  V + 
Manganosite MnO + 
Todorokite Mn(II) Ca, Na, K, 

Mn(IV), Mn(II), - 
(Mg) 6  0, 2 •3H2  0 

Braunite 3Mn2  0 3  MnSiO 2  Igneous - 
Pyromanganite (Mn,. Fe) (SlO,) Hydrothermal - 
Rhodonite (Mn, Fe, Ca) (SiO 3 ) Sedimentary - 
Jacobsite MnFeO 4  + 
Alabandite MnS + 
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forma1ion of manganese deposits of Fergana [4]. Similar palaeobiolo-
gical rationale has been used to explain the formation of manganese 
deposits in the Urals, Chiatura, Nikopol and the Varna region (Bulgaria) 
and in Asia minor. One of the single largest sources of manganese is 
the Nsutu mine on the Gold Coast of Africa, which has yielded 7.5 mil-
lion tons of manganese by open cast mining since its opening in 1914. 

Historically, India has been recognized as one of the leading man-
ganese producing countries in the world. Since 1892, the year of incep-
tion of manganese mining in the country, India has produced more 
than 60 million tons of marketable manganese ore. In 1970-71, it was 
established that out of the world production of manganese (about 
20 million tons) India's contribution was approximately 8.4 % on an 
average. It might be remembered that India was the top exporter of 
this ore and since 1906, when India began to export ore to the de-
veloped countries, by about 1923, India had occupied an important 
position by contributing nearly 44 % of the total world production 
of the manganese ores. Eventhough, the manganese production has 
reached a figure of 1.8 million tons in 1976, a picture has started 
emerging now that the Indian ore is slowly loosing ground in the world 
market, where the prices are highly competitive and the cost of produc-
tion in the country is showing a rising trend. In addition to the emer-
gence of countries producing massive quantities of these ores, such as 
the USSR and Ghana, there are other reasons in the change of pattern 
in the export trade. This happens many times in countries that have 
very little or no domestic use for the mineral and the growth of the 
industry is totally dependent on the export market. The export of 
manganese is decreasing in recent years, as exports have been adversely 
affected due to a stiff competition from the larger and highly mechaniz-
ed mines of Brazil, Ghana, South Africa and Australia. This has resulted 
in closure of several mines, so much so that UNDP had to appoint a 
commission to go into the details of the worsening situation in manga-
nese industry. 

The Indian manganese ore reserves have been placed at 180 million 
tons. Indian manganese ores are characterized by the presence of a 
remarkable assemblage of ore minerals and silicate. The principal ore 
minerals in the commercial grade are pyrolusite, psilomelane, crypto-
melane and braunite with or without the presence of minor minerals 
like jacobsite, hausmanite, etc. 

Ore deposits are distributed throughout peninsular region of India 
and the principal deposits are located in Madhya Pradesh, Maharashtra, 
Orissa, Bihar, Karnataka, Andhra Pradesh, Gujarat and Goa as illustrat-
,d in Fig. 1. Among the metallurgical and non-metallurgical uses of 
manganese, the use in ferrous metallurgy is the greatest, wherein 95 % 
of the world production is utilized. Use in dry-battery manufacture or 
use in glass, ceramic or chemical industry are some of the non-metallur-
gical uses of manganese. 

Although the export situation depends largely on the balance of 
trade with the importing country, one can hardly find a fault if the 
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importing country buys the required minerals from a country with 
which it has a positive balance of trade and low freight or transport 
expenses. Therefore, we must try to seek solutions to the existing situa. 
tion by way of: 

seeking new and better sources of manganese; 
trying to improve the quality of manganese ores. 

Regarding finding new sources, it must be said that the terrestrial 
or land deposits are of limited nature and therefore exhaustible due to 
continuous removal of manganese from rich mining areas. At least for 
such well-known ores, it is very difficult to find new or better sources 
as most of them are already detected. Therefore, we must go in for 
marine or sea deposits, which are now being exploited in the form of 
manganese nodules at the bottom of the ocean. This new source of 
manganese is estimated to be accumulating at rates greater than current 
world consumption and it has been estimated that in nodules from 
Atlantic ocean, manganesein the form of pyrolusite is found up to 
20 % level. The largest nodule field in the world is on the Pacific ocean 
floor on the US west coast. Recently, India has located manganese 
nodules in the Indian ocean. However, the technology to reap this 
harvest has to be still perfected. 

Regarding improving the quality of ores two or three problems 
have been referred to us from time to time by the manganese industry 
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and we have tried to seek solutions to the problems using geomicro-
biological techniques. The problems are: 

Conversion of Mn3  04  form of manganese (hausmanite) to 
Mn02  form (pyrolusite) - for use in dry-cell batteries. 
Removal of impurities such as phosphorus from ores - for use 
in ferro-manganese alloys industry. 
Reduction in iron content from the ore to conform with the 
desired Mn:Fe ratio - for use in supply to ferro-manganese 
industry. 

There are other problems in the industry, but our selection of the 
problems was entirely based on the fact that it was possible to tackle 
these through microbiological approach. For instance, it is known that 
there are manganese oxidizing bacteria which have the power not only 
to convert manganese biologically, but also have the power to concen-
trate manganese from dilute solutions. Similarly, there are microorga-
nisms which have the ability to remove or solubilize phosphorus or 
reduce iron. Using these known phenomena, it was decided to seek 
solutions to the problems mentioned above. 

Microorganisms have been implicated in interacting with manganese 
and cause transformations in several ecosystems, such as soils, aquatic 
environments and even manganese deposits. The range of different 
microorganisms involved can be seen from Table 2, which includes 
many diverse groups of microorganisms from bacteria to fungi, algae 
and their various associations. 

Among the different mechanisms proposed for transformation of 
manganese the important ones are as follows [ 2 ]: 

A) Indirect - Alterations to microenvironment by: 
Eh modification; 
pH modification; 
adsorption to cell surface. 

'these alterations affect the manganese interaction in a non-specific 
way and are largely responsible for mechanical accretions or depositions 
or concentrations from dilute solutions. 

B) Direct - The enzymatic oxidation and reduction of manganese 
i) Enzymatic oxidation of manganese: - It is restricted to bacteria 

only. It proceeds by no less than three different mechanisms. The oxi-
dation of free Mn 2  ions may be catalyzed by a manganese oxidase 
that conveys electrons to oxygen by a cytochrome pathway: 

Mn2 +1/2O2  +H2 0 -*Mn02  +2ff 

This oxidase may be constitütive or inducible. Free Mn2  ions may 
also be oxidized by catalase in a reaction with metabolically produced 
H2  02: 

Mn2 +H2 02  -MnO2  +2W 
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While the oxidation of Mn" prebound to Mn 41  is catalyzed by a 
manganese oxidase that shunts electrons to oxygen by a cytochrome 
pathway: 

MnMn03  + 1/2 02 + 2H2 0 - 2H2 Mn03  

This manganese oxidase is constitutive and is found to be unable 
to oxidize free Mn2 . Oxidation catalyzed by either of these enzymes 
may generate ATP as is the case with manganese oxidizing Leptothrix 
discophora, a facultative autotroph. 

Table 2 
Microorganisms implicated in manganese 

transformations 

Microorganisms Reference No. 

A) Oxidation 
Bacteria: 

Arthrobacter 15, 29, 30 
Bacillus manganicus 31 
Bacillus spores 29 
Clonothrix 32 
Hyphomicrobium 8 
Marine bacteria 15 
Metallogeniurn persona turn 33 
Nocardia 34 
Naumanniella polyrnorpha 35 
Pedomicrobium 36 
Pseudomonas 29 
Siderocapsa 37 
Sphaerotilus discophorus 38,39 

Fungi: 
Cephalosporiurn 40,41 
Cladosporium 8 
Coniothyriurn fuckelli 8 
Periconia 41 

Algae: 
Chlorococcum humicola 42 

Sinergistic combinations: 
Bacterial.bacterjaj 43 
Bacterial.fungai 49 
Bacterial-algal 43,44 

B) Reduction 
Bacteria: 

Bacillus 45 
Micro coccus 46 

Fungi: 
Aspergillus niger 47 
Pichia guillerrnondii 46 
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A number of organisms promote non-enzymic oxidation of man-
ganese. In some of these cases mechanism of oxidation is either un-
known or presumed to be non-enzymatic. 

ii) Enzymatic reduction of manganese: - Organisms of the genera 
Bacillus, Micrococcus and Pseudomonas among others are capable of 
reducing manganese enzymaticaily through following mechanisms, 
where reducing power is derived from the metabolism of organic 
compounds like glucose. 

glucose baterine + nHt + end products 

n/2 Mn0 2  + ne + nH induced bacteria 
or uñindUced bacteia' Mn(OH)2 

1- 
fern- or ferrocyanide 

n/2 Mn(OH) 2  + nH - n/2 Mn2  + nH2  0 

Some of these organisms could reduce both manganese and iron oxides. 
Anaerobic conditions stimulated Mn4  reduction by some organisms 
[2 ]. 

That the microorganisms possess manganese oxidizing as well as 
the reducing activity was revealed when inorganic, environment was 
extensively studied. The manganese oxidizing bacteria were isolated 
from soils and fresh water pipelines, whereas both the manganese 
oxidizing and reducing bacteria were studied from manganese nodules. 
It was seen that the biologically formed oxides are moie easily available 
to plants than the chemically formed ones and, hence, the biological 
transformations in soils are very important to plant life [51. 

METHODOLOGY 

With respect to the problems mentioned earlier it was decided 
to carry out a systematic study of the various aspects involved in the 
bioconversion of manganese. With this view it was decided to isolate: 

Manganese reacting bacteria; 
Phosphorus solubilizing microorganisms; 
Iron reducing bacteria. 

The ecosystems used for these studies were: 
Fresh water pipeline deposits; 
Soils from mining regions; 
Manganese and iron ores. 
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a) MANGANESE REACTING BACTERIA 

Oxidizers 
Based on the earlier experience of encountering the Arthrobacter 

sp. for the first time in such deposits in Australia [6],  the whole eco-
system of fresh-water pipeline deposit in the causeway of river Mutha 
in India was analyzed and the 'seasonal variations were noted over a 
period of three years, in that, in summer the brown deposits yielded 
Arthrobacter sp., while in the winter months, the black deposits yielded 
budding Hyphomicrobium sp. [7]. Both these types were predominant 
in the deposits and representative species were isolated by enrichment 
culture technique using PC and M-2 medium [8, 9].  In addition, baiting 
technique was also used to isolate the associated microflora [10]. 

The manganese oxidizers were recognized by the brownish-black 
encrustations on the colony and were confirmed as oxidizers, due to 
the blue color developed on treating the colonies with benzidene 
hydrochloride reagent [11].  In the ecosystem containing manganese, it 
was always observed that the manganese reacting organisms were in 
much higher proportions than, the inactives and there was a rough 
gradation from more reactive organisms in pipe deposits than in the 
ores or the soils in that order (Table 3). The organisms were charac-
terized by using standard methods and Bergey's manual [12, 13]. 

These manganese oxidizers belonged to the Arthrobacter and 
Hyphomicrobium species. That this phenomenon was biological, in 
nature was proved by the fact that inoculation of a small sample of 
deposit started the manganese oxidation, which could be prevented if 
biological inhibitors, such as sodium azide or mercuric chloride were 
added to the reaction mixture. This was the same case, when these 
inhibitors were added to a system containing pure cultures of manga-
nese oxidizers, such as Hyphomicrobium and Arthrobacter sp. 

Among the various factors, which were critically examined with 
respect to their effect on manganese oxidation, such as temperature, 
salt tolerance and effect of metal ions concentration the latter effect 
was worth mentioning. It was shown that iron and aluminium had no 
effect on the manganese oxidation in trace quantities tested, while zinc 
appeared to be inhibitory to manganese oxidation even at a concentra-
tion of 0.001 % (Table 4). This strengthens the belief in the hypothesis 
that when iron and manganese deposits simultaneously occurred, 
aluminium was also found to be present in some deposits, but zinc 
was always found to be absent from biologically formed deposits in 
nature. 

Solubilizers 
It was reported that bacterial cultures which were capable of 

reducing iron oxides were also capable of reducing manganese oxides. 
Species of Micrococcus, Bacillus and Pseudomonas were reported to 
reduce manganese preferentially when iron and manganese were present 
together [14]. It was proposed that enzyme systems were involved in 

384 



Table 3 
Characteristics of some bacterial isolates from 

different ecosystems containing manganese 

Characteristics 
Pipeline 
deposits - 

Ores 
- 

Soils 
- - 

1 2 3 1 2 3 1 2 3 

pH 7.0 6.8 6.5 7.0 7.0 6.8 6.5 7.0 8.0 
Gram reaction: 

Positive 11 19 38 11 15 28 4 9 17 
Negative 0 1 1 0 0 0 0 0 0 
Variable (a) 2 3 3 3 3 4 2 2 2 

Morphology: 
Rods 11 20 39 10 16 29 5 9 18 
Cocci 	(b) 2 3 3 2 2 3 1 2 1 

Motility 1 2 2 1 1 2 1 1 0 
Acid production from: 

Glucose 0 0 0 0 0 0 0 0 0 
Sucrose 0 0 0 0 0 0 0 0 0 
Lactose 0 0 0 0 0 0 0 0 0 

Nitrate reduction 0 0 0 0 0 0 0 0 0 

- Due to the pleomorphic nature of the organisms. 
- Probably coccoidal stages of Arthrobacter sp. 

the reduction process and it was proved in case of Bacillus sp., isolated 
from marine ferro-manganese nodules, which possesses a Mn0 2  -reduc-
tase system [15, 16].  The same system was detected later in case of 
Micrococcus sp. [17, 181. 

Using the scraping from pipeline deposits collected in summer 
months as inocula, enrichment was set up in one litre flasks containing 
50 g of manganese ores (-65 mesh) and 300 ml of water with 50 ml of 
nutrient broth (pH 6.6). The manganese solubilization from the ore 
was assayed by periodate method [19] and from the flasks showing 
increase in solubilization, samples were streaked on nutrient agar where 
two types of colonies predominated. These were purified and identified 
as belonging to Bacillus and Pseudomonas sp. 

b) PHOSPHORUS SOLUBILIZERS 

It is known that the fungi have definite role in solubilization of 
phosphates in soils, due to their chelating activity of humic acid and 
production of other organic acids formed during the decomposition 
of the organic matter. In the laboratory, the phosphorus solubilizers 
are isolated on tn-calcium phosphate medium, as natural substrates 
such as rock phosphates are difficult to solubilize. 
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Out of 25 promising strains of Aspergillus sp. isolated from soils 
around Poona area, 6 cultures were selected, which were able to 
produce a distinct acidic reaction shown by decrease in pH to 
2.0-2.5 after five days growth in liquid Czapek's medium (initial 
pH 6.0). These strains were further tested in liquid Czapek's medium 
to which 0.5 % tn-calcium phosphate was added and the amount of 
phosphorus solubilized was assayed periodically by Taussky & Schorr's 
method [20]. A culture of Aspergillus niger showing 390 tg/ml 
phosphorus solubilization in 96 hours was selected for further studies 
(Table 5). 

Table 5 
Phosphorus solubilization by Aspergillus cultures 

Culture No. 
Time (hours)  

0 24 48 72 96 120 

103 pH 6.0 4.9 4.2 4.1 3.4 3.4 
P 0.0 2.0 150 270 390 160 

118 pH 6.0 5.0 4.5 4.4 3.7 3.6 
P 0.0 2.0 160 220 300 160 

119 pH 6.0 5.5 4.4 4.2 3.7 3.8 
P 0.0 0.0 180 240 340 140 

120 pH 6.0 4.6 4.4 4.0 3.4 3.6 
P 0.0 4.0 195 250 330 110 

121 pH 6.0 4.8 4.3 4.0 3.6 3.6 
P 0.0 2.0 150 210 300 150 

122 pH 6.0 5.6 4.7 3;9 3.5 3.5 
P 0.0 0.0 145 200 290 160 

P - Phosphorus solubilized in culture filtrate (g/ml) 

Coincidently it was found out, while carrying out manganese oxidation 
experiments on the ores containing phosphorus (0.6 %), that the 
phosphorus was being leached out into the leachate, when Hypho-
microbium sp. was used as an inoculum. This promptedus to use the 
Hyphomicrobiun-z sp. isolated in the previous studies for phosphorus 
solubilization experiments. 

c) IRON REDUCERS 

Microbial iron reduction has been reported in the species of Bacil-
lus, Pseudomonas, Micrococcus and Clostridium [21, 221. In the present 
studies, enrichments were carried out Using Bromfield's medium with 
ferric hydroxide as the source of iron at pH 7 [23].  After incubation 
of Sven days at room temperature (27-30 °C), the supernatant was 
tested for the presence of soluble iron by o-phenanthroline reagent [241. 
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Samples were screened aerobically and anaerobically and pure cultures 
were isolated which mainly belonged to Bacillus, Pseudomonas, Entero-
bacter and Micrococcus spp. 

Using the cultures obtained as above, the following experiments 
were carried out: 

Bio conversion studies to upgrade the variety of manganese ores; 
Leaching experiments to solubilize manganese from the ores; 
Biological removal of phosphorus; 
Microbial reduction of iron. 

It may be mentioned that before using the cultures obtained for 
any of the processes that follow, the cultures were subjected to adapta-
tion experiments to raise the tolerance level of these cultures to higher 
concentrations of manganese and other elements in the ore. This was 
done by gradual adaptation to increasing ore concentration of the 
medium. For instance, it was noted that manganese oxidizers like 
Hyphomicrobium and Arthrobacter tolerated 5 % and 20 % level 
respectively and the manganese solubilizers could withstand 20 % ore in 
the medium. The phosphorus solubilizers, Aspergillus sp. and Hypho-
microbium sp., were able to withstand 5 % concentration of ores. The 
iron reducers were trained to adapt to 7.5 % tolerance of iron ores. 

1) Bioconversion. The conversion of Mn 3  04  form to the y-grade 
variety of Mn02  is possible through the use of electrolytic process, 
which is rather expensive and is monopolized in India. Therefore, 
experiments were carried out using strong manganese oxidizing cultures 
of Hyphomicrobium and Arthrobacter spp. for this type of bioconver-
sion: 

a) Flask experiments were carried out in 500 ml Erlenmeyer flasks, 
which contained 100 ml of M-2 medium and 25 g of ore. The washed 
culture was added in 1 g quantity (wet weight) and aeration was carried 
out by means of a mini pump. Then it was noted that when the color 
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was changed from brownish-black to dark black, it was taken as a 
visible indication of a change of state of oxidation of manganese. 
Slurry was then filtered through a Whatman filter paper (No. 4) and 
the ore particles on the paper were dried at 110 °C for three hours 
before analyzing them for the presence of Mn0 2  form by comparing 
the standard pH and Eh relation between both manganese types [ 48 ]. 
The species of manganese in the ore, before and after treatment, is 
shown in Fig. 2. The definite shift in the oxidized state of ore to Mn0 2  
side was confirmed by X-ray crystallography, when it was shown that 
nearly 80 % of the crystals were of the y-type. 

Column experiments were set due to the initial success of flask 
experiments, when an air-lift percolator was filled with graded sand on 
which the culture film was stabilized. The ore was dispersed throughout 
the column on which a continuous flow of liquid medium was arranged 
in such a way that the microbial film was not disturbed to a great 
extent but it brought the culture and the ore particles in close contact. 

Tank experiments: 100 kg of —65 mesh ground ore was placed 
in cement concrete leach tank, to which 2000 litres of water was added 
with the medium at pH 6.8 and each tank was inoculated with 4 litres 
of stock cultures of Arthrobacter and Hyphomicrobium sp. The pH 
was monitored and adjusted to 6.8. Samples were taken out after 
mechanical agitation for fifteen minutes each day and analyzed for 
presence of Mn0 2  as described earlier. The bacterial leaching data is 
summarized in Table 6. The net cost of such an experiment wascalcu-
lated and is presented in Table 7. 

Table 6 
Bacterial bioconversion data 

Time (days) pH (average) Temperature 
(average), °C 

% recovery using sp. of 

Arthrobacter i micro-I 	bium 

15 6.8 28 78.4 85.2 

Table 7 
Cost of pilot plant experiment'forconversion 

of manganese 

Quantity of manga- 
Cost of 

nu- Cost of other 
utilities** Total  

nese ore used, kg trients* (Rs) (Rs) 
(Rs) 

100 200 100 300 

* - Nutrients used in the media were yeast extract, 
inorganic salts, etc. 

** - Water, electricity, labour, etc. 
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Leaching. Using the isolates obtained during our studies on 
manganese solubilization, these expqriments were carried out at all the 
three levels such as flasks, columns and tanks as described above. The 
only difference in these studies was that the solubilized manganese had 
to be precipitated by addition of lime for quantitative recovery. The 
results of a 90-day experiment are described in Table 8. The extraction 
efficiency based on the amount of manganese recovered was nearly 
90 % for both the species. 

Table 8 
Leaching with pure bacterial isolates 

Manganese quantity in leachate, g 	 pH 

Days Culture Pseudo- Culture Bacillus Culture Pseudo- Culture Bacillus 
monas sp. 	I 	sp. 	monas sp. 	I 	sp. 

0 0.32 0.32 6.& 6.8 
10 1.80 3.44 6.7 6.6 
20 3.44 9.56 6.6 6.5 
30 5.52 12.34 6.6 6.5 
40 11.36 16.76 6.5 6.5 
90 20.85 2012 6.5 6.5 

Note. The system contained 50 g of manganese ore (44 % Mn content) 

Phosphorus solubilization. Physical and chemical treatments or 
their combinations are not able to reduce the phosphorus content to 
an acceptable level of 0.1 %, as shown in Fig. 3. Therefore phosphorus 
removal was tried using Aspergillus niger strain 103 and Hyphomicro-
bium sp. The methodology was the same as described above and con-
sisted of flasks and column experiments. The efficiency of phosphorus 
removal by Aspergillus niger strain 103 was 33.3 %, while that of 
Hyphomicrobium sp. was 90 %, rendering the ore acceptable for 
future use (Table 9). 

Table 9 
Comparison of microbial removal of phosphorus 

from manganese ore 

% phosphorus I % extraction Organism 	before 	after 	efficiency Itreatment 	treatment  

Hyphomicro- 
bium sp. 	0.6 	0.062 	90 
Aspergillus 
niger 	 0.6 	0.400 	33-.3 
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Mn 

44.6 

ORIGINAL SAMPLE 
No Treatment) 
Fe 	 502 

6.1 	 6.6 

P 

0.6 

CRUSHING AND SIEVING(- 3 TO-12 and 18mm) 
Mn 

44.6 
F8 	 SLO2 
6.4 	 6.6 0.6 

4 
GRINDING IN ROD MILL TO OBTAIN CONCENTRATE 
Mn 
58.6 

Fe 	 SLOZ 
6.4 	 4.2 0.6 

4 
- PASSED THROUGH IMMERSION MAGNETIC SEPARATOR 

Mn 	Fe 	 5102 	 P 

58-60 	3-5.8 	2-3 	 0.6 

PASSING THROUGH BATCH OF FLOTATION CELLS TO 
REMOVE PHOSPHORUS CHEMICALLY 
Mn 	Fe 	 5W2 	 P 
58-60 	3-5.8 	2-3 	0.6 

AU quGntities- percenta9e 

Fig. 3. Physical and Chemical Treatments Used 
for Removal of Phosphorus from Manganese Ores 

4) Iron reduction. With a view to utilize iron reducing bacteria to 
solubilize iron, experiments were set up in flasks as well -as columns 
using the methodology described above. The ores used were hematite, 
limonite and mixture of magnetite, limonite and bauxite. The level of 
soluble iron was estimated at regular intervals and it was found that 
amount of solubilized iron reached a maximum within 10-15 days, 
using Pseudomonas sp. No. 3. This culture was further used to remove 
iron from bauxite ore. In 30 days time the iron solubiized recorded 
a peak after 15 days and then fell off at lower levels probably due to 
precipitation or reoxidation of ferrous to ferric state (Table 10). To 
avoid this process a continuous five column system was tried, when the 
iron was completely removed in 40 days time. The mineralogy of the 
bauxite determined after this microbiological treatment proved that 
this method could be used in industry. 

Although the above studies were of different nature than the 
problems connected with manganese industry, they could be applied 
profitably to similar situations in manganese industry. For instance, 
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the manganese ores in Goa region, which incidently is responsible for 
nearly 10 % of production of the ore in India, contained 58 --68 % iron, 
5-6 % alumina and good amount of silica. To bring down the Mn:Fe 
ratio to 7 to 8, the manganese percentage has to be brought up to 55 % 
with concomitant reduction in the quantity of iron to about the same 
level. Impurities such as alumina, phosphorus and silica should not be 
present in the ore. There is also another problem regarding the high 
grade ore, where the iron content is about 6-7 %, when it cannot be 
sold as battery grade ore. The reduction of iron from such manganese 
ores is also desirable and should be tried using microbiological tech-
niques. Efforts are underway to carry out this type of work at our 
laboratory. 

Table 10 
Column leaching of bauxite 

Column leachate 
Incubation period, 	

Ferrous concen- day's 	 pH 	tration (Mg/mi) 

0 7.2 - 

7 6.0 6.335 
10 5.55 14.450 
15 5.55 25.875 
25 6.05 20.725 
30 6.50 16.550 

PROSPECTS AND PERSPECTIVES 

The above efforts describe the state-of-art which exists at present 
time in India. In fact, the large scale field trials are desirable to establish 
the value of these techniques to the mining industry. This is the sug-
gested answer to the problems indicated in the initial discussion. 

If we summarize the results obtained, the following highlights 
are visualized: 

1) Bioconversion. The bioconversion of manganese has a definite 
industrial significance as it converts an inferior quality of ore to a better 
variety of manganese. There are only few countries in the world like 
Ghana which produce 'y-variety of MnO, used for dry-cell battery 
manufacture directly from mines. In Western Australia, large reserves 
of low grade manganese ores exist, which are amenable to biological 
beneficiation as outlined above. In India, the existing electrochemical 
process is a patented foreign process. The chemical beneficiation 
process requires fuel oil, which is in short supply during these days 
of energy crisis. The industrialized countries with vast power resources 
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are reaping the dividends by importing our manganese ores and con- 
verting them into better variety of ores. We hope that our experiments 
would pave a way to develop such useful low-cost technology in India. 

Leaching. The information on manganese reducing bacteria is of 
a7 fragmentary nature, especially their leaching or beneficiation capa-
city on manganese ores was never tested, event hough such a possi-
bility was distinctly hinted at by many workers in the field [ 2 5]. 
The US Bureau of Mines has been keenly pursuing leaching of domestic 
low-grade manganese bearing materials with the aid of microorganisms 
for the last several years. The American interest in manganese stems 
from their low-grade manganese ore deposits, which necessitates import 
of high grade ores from countries like India. The work was carried out 
using Bacillus sp. isolated from manganese stock piles and tailing 
ponds from manganese beneficiation plants [261.  The amenability of 
manganese bearing material to bacterial leaching was proved with good 
extraction on a large scale. The action of microorganisms in leaching 
manganese without the presence of sulfide minerals is not yet defined. 
The Japanese and French investigators have shown that the presence of 
iron and zinc sulfides accelerates the solubilization of manganese and 
Thiobacillus thiooxidans can bring about the leaching at pH 3.4 at 
30 °C. Although manganese dioxide is not soluble in sulfuric acid, it is 
solubilized in growing culture of T. thiooxidans [27, 281. 

Phosphorus removal. The microbial removal of phosphorus from 
the ore is worth trying out on a large scale, as it has valuable industrial 
significance. It would be possible to arrange the manganese ore in 
heaps on site and the cultures could be allowed to percolate through 
the heaps to remove phosphorus (Heap Leaching Technique). The 
leachate could be gathered in a collection pond by arranging appro-
priate draining system and then it could be pumped back to the top 
of the heap to bring the phosphorus level of the ore to the desired 
level. Various parameters such as temperature, pH, etc. could be opti-
mired for the commercial microbiological treatment. 

The present studies also prove the value of obtaining indigenous 
microorganisms from the ecosystems concerned. Not only they tolerate 
high concentration of manganese present in the ore but they also carry 
out the process more efficiently. This may be the reason why the 
phosphorus solubiizing fungi were not as effective as bacteria from 
that ecosystem. The reason for removal of phosphorus by a manganese 
oxidizer could be that the phosphorus moiety might be tightly bound 
to the manganese in the crystal lattice structure of the ore and the 
change in the oxidation state of manganese might release the phospho-
rus moiety. If phosphorus is inaccessible to organic acids due to struc-
tural arrangement, it is obvious that the conventional phosphorus 
solubiizers may not work on these ores. 

Present studies have indicated that rich manganese ores could be 
treated through microbial agencies successfully without any pre-treat-
ment. This deserves the attention of the industry. 

393 



The ability of microorganisms to interact with the minerals can be 
used to solve many industrial problems including recovery of precious 
minerals from the low-grade ores or from industrial wastes. If the cost 
allows, as the present studies indicate, then such processes could be 
used to upgrade the variety of ores, replacing conventional expensive 
pyrometailurgical techniques with a comparatively inexpensive bio-
hydrometallurgical process. 
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ALUMINOSILICATES BIODEGRADATION: PROGRESS AND 
PERSPECTIVES 
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Instituto di Arte Mineraria e Preparazione dei Minerali, 

Facoltà di Ingegneria, Università di Cagliari, Cagliari, Italy 

INTRODUCTION 

Aluminum and potassium are two vital elements for the economic 
balance of a modern country: the former for the variety of its industrial 
uses, the latter for its role in agriculture. The importance of aluminum 
in the world economy is illustrated by Table 1 [1], which shows the 
production of primary metal in the five continents. The data in Table I 
can, however, be deceptive, if incorrectly interpreted: in North Ame-
rica, which holds the first place in order of importance, the contribu-
tion of the United States to the world bauxite production actually 
only amounts to as little as 2 %, and the situation in Western Europe, 
even though it holds the second place as metal producer, is no different, 
if not worse. The situation appears particularly serious for Italy, whose 
bauxite reserves are far from sufficient to satisfy its needs. 

As far as potassium is concerned, although the overall productions 
appear to be concentrated in America and Europe, as Table 2 shows, 
the major producers are confined fo a few large countries, whereas 
other countries, such as Italy, depend entirely on imports, and Asia 
and Africa produce little or nothing. Up to the presenttime bauxite is 
the main run-of-mine ore from which aluminum is extracted, whereas 
nearly all potassium is derived from potassium salt mines. There exists, 
however, a wide range of minerals, the aluminosilicates, some of which 
are characterized by aluminum and potassium contents - sometimes 
together with other interesting elements like lithium and beryllium - 

Table I 
Production of primary aluminum in five continents 

(000 short tons) Ii 

Continental area 1979 1980 1981 

Africa 442 482 532 
North America 5976 6312 6176 
Latin America 736 905 874 
East Asia 1195 1287 901 
South Asia 414 440 569 
Western Europe 3968 4151 4110 
Oceania 469 507 591 

Total Production 	13200 	14084 13753 
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Table 2 

World potash production (000 tons of K2  0)121 

1981 1982 

North America (10000) (14400) 
Canada 8200 12000 
U.S. 2200 2400 

West Europe 6400 6300 
East Europe 12600 18000 

East Germany 3400 3400 
USSR 9200 14600 

Asia 810 2000 
Other 25 300 

World total 	 30235 	41000 

which approach those presently considered economically acceptable 
for their extraction (Table 3). Amongst these, beryl and, for aluminum 
extraction, kyanite, spodumene and nepheline are already utilized in 
commercial operations. 

In Italy, leucite occurs abundantly in the rocks of the volcanic 
belt of Central Italy, between Acquapendénte in Upper Latium and the 
Alban Hills, and, further South, in the province of Caserta as well as 
in the Sessa Aurunca area and in the vicinity of the Vesuvius volcano 
(Fig. 1). On the basis of estimates made by Washington [3], who 
extensively investigated the Italian leucite occurrences, potash equiva-
lent (K20) and alumina (Al 2  03 ) reserves contained in the above men-
tioned deposits can be calculated in more than nine billion tons each 
[4]. However, all of the industrial attempts to exploit leucite for 

Table 3 
Composition of some silicates 

Name Chemical formula A1 2 0,, % 

Andalusite Al 2  O(SiO4 ) 62.92 
Beryl Be 3 AI2 (Si 6 0,,) 8.97 5.03 Beryllium 
Jadeite NaAI(Si 2 O6 ) 25.22 
Kaolinite H 4 Al2  Si, 0, 39.49 
Kyanite Al 2 (SiO4 ) 69.82 
Leucite KAI(SiO 3 ) 2  23.36 17.91 Potassium 
Microcline KAISi 3 O, 18.31 
Muscovite H 2 KAI 3 (SiO4 ) 3  38.40 
Nepheline Na3 K(Al 4 Si 4 0 1 ,) 34.90 
Orthoclase KAISi 3 O, 18.31 
Petalite Li(AISi 4 O,,) 16.21 2.27 Lithium 
Spodumene LiAI(Si 2 0,) 27.40 3.73 Lithium 
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aluminum and potash extraction have proved unsuccessful. Several 
difficulties - mostly related to the elevated energy requirements of 
the processes currently practiced - are also encountered in the com-
mercial utilization of other aluminosilicates. 

It should be pointed out that up until the early seventies alumino-
silicate biodegradation formed the object of investigation by agricul-
tural microbiologists only. From the literature on the subject it would 
seem that the investigations were carried out according to two main 
lines of approach: 

the first, which initially adopted the conventional procedures of 
agricultural microbiology, was mainly aimed at ascertaining the action 
of the known soil microorganisms, and of the products of their meta-
bolism on aluminosilicates and carbonates; 

the second, mainly followed by the Slav-speaking countries, aimed 
at identifying microbial strains specifically suitable for aluminosilicate 
biodegradation. 

INVESTIGATIONS UTILIZING KNOWN MICROORGANISMS 

Amongst the first 	one can probably say "the first" - investi- 
gators who tackled the problem were the Italians De Grazia and Ca- 
miola [5]. The object of their investigation was to understand the 
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process by which plants obtain the soluble potassium supply needed 
for their nutrition from insoluble volcanic rock. 

They worked on batches of very finely ground, museum grade 
leucite crystals mixed with 1000 ml of culture medium each in 2000 ml 
stationary Florence flasks which were inoculated with various strains' 
of moulds. As shown by Table 4, where the results are reported, a cul-
ture yielded, in 70 days, more than 70 % dissolution of K 2 0 equivalent, 
though the sterile control grade was also quite high. De Grazia and 
Camiola attributed the enhanced solubilization observed in the pre-
sence of moulds to the chemical action of their metabolites, amongst 
which CO2 , although they did not deny the possibility of a direct 
action. 

In 1913, Bassalik [6] reported on the enhancement of orthoclase 
solubilization by means of several microbial strains (Table 5). He too 
attributed the increase in solubilization mainly to the action of the 
CO2  produced by the metabolism of the microorganism utilized - 
Bacillus extorquens n. sp. - characterized, compared to other strains 
examined, by a large respiratory energy. 

The evidence that the metabolism products of certain soil micro-
organisms may furnish a marked contribution to the destruction of 
crystalline lattices of silicates was produced by Webley et al. [7], who 
worked with a strain of Pseudomonas. The silicates (wollastonite, 
apophyllite and oli,vine), finely ground, were mixed with agar. The 
plates prepared with this mixture were inoculated with the micro-
organism: a circular halo always formed around its colonies and inside 
this halo 2-ketogluconic acid and amorphous mineral residues were 
detected. The same authors confirmed, in two subsequent papers [8,9], 
the destructive action caused by the metabolism products of several 
bacteria and moulds on various synthetic silicates, more pronounced 
however in calcium silicates and zinc silicates, as opposed to the alu-
minosilicates which are less amenable to this treatment. Silverman [101 
gives an exhaustive list of organic biogenic acids active in silicate rocks 
and minerals. degradation. 

The evidence furnished by Holzapfel [11] that silicon can replace 
phosphorus and sulphur in the organism of certain microorganisms 
for certain functions, led Heinen to carry out investigations on the 
possibility that this element can be.assimilated, in certain conditions, 
by various microorganisms, to become an integral part of their struc-
ture. The important results of Heinen's investigations [12-23] led to 
ascertain that several bacterial strains (Proteus mira bills [17-201, 
B. subtilis, Escherichia coli and Serratia marcescens) take in silicon both 
from the solutions containing soluble silicon compounds, and (even 
though to a lesser extent) from quartz. It was also verified that this 
process is active - not a simple adsorption process - and depends on 
the environmental conditions [12] and that silicon is utilized by the 
microorganisms to produce organic compounds where C-Si bonds are 
formed [16] in the absence of phosphorus. In addition, Heinen show- 
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Table 4 
The results of De Grazia and Camiola's tests 

Name of the 
microorganism iite euc 	g K 2  0 content, 

g 
K 2  0 solubilized 
g 

Aspergillus niger 0.8213 0.1463 0.0758 51.82 
Mould No. 1 0.8547 0.1523 0.0908 59.65 
Penicillium glaucum 0.9238 0.1646 0.0895 54.37 
Penicillium brevicaule 0.6750 0.1202 0.0851 70.81 
Sterile Control 0.6664 0.1187 0.0365 30.74 

Table 5 
Orthoc)ase biosolubilization 161 

Material of 
flasks 

Microbial 
strain 

Dura- 
tion 
of 

test, 
Initial mass 
of ortho- 
chase, g 

Final 
mass of 
ortho-
clase, g 

Mass of orthoclase 
solubilized 
g 

days 

Jena glass Bacillus extorquens 64 10.7197 10.3282 0.3915 3.65 
Sterile control 68 16.9866 16.9704 0.0162 0.09 

Quartz Bacillus ex'torquens 62 0.8318 0.8045 0.0273 3.28 
Sterile control 60 0.7377 0.7359 0.0018 0.24 

ed that silicium assimilation is enhanced by various anions [14] as well 
as by organic compounds [ 15 ]: the assimilation of silicon is stimulated 
by carbohydrates and by some aminoacids, whereas it is inhibited by 
phenylaniline, acetate, lactate and peptone. 

The ability of several bacterial strains to solubilize various types 
of rocks and minerals was further confirmed by Wagner and Schwartz 
[24, 251 who developed some kind of biodegradability scale in which 
the first place is held by Rapakivi granite followed by nepheline, 
leucite and orthoclase. Specific examples of transformations produced 
in black mica (biotite) by chemical or biological agents were reported 
by Boyle et al. [26],  who, in particular, ascertained by means of chro-
matographic analysis, that A. niger produces, from a glucose-containing 
medium, oxalic and citric acids; the first of which should be the most 
active in removing ions from the crystalline lattice of the mineral, 
producing a brittle matrix of amorphous material. 

With the possible exception of Heinen, the researchers mentioned 
so far have shown a certain propensity towards considering silicate 
minerals degradation mediated by microorganisms not as the result of 
their direct action but rather of the chemical attack by the metabolic 
products without, however, going so far as to produce evidence in 
favour of either mechanism. The problem is of considerable practical 
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and scientific significance since if the destruction of the crystalline 
material is the consequence of a direct action the process kinetics 
would depend on the number of cells present. Investigations aimed at 
elucidating this problem were carried out by researchers of the Bureau 
de Recherches Géologiques et Minires (B.R.G.M.) in France, in the 
framework of an extensive research programme on rock weathering 
processes [27]. The rocks investigated comprised olivine, coming from 
basalt nodules of the Srmci region (Northern Bohemia, Czechoslo-
vakia), dunite from New Caledonia (Dumber river tunnel) and serpen-
tine from the region of Saint-Véran and of Cristilan, in the High 
Alps, whereas the microorganism was a pure strain of A. niger, isolated 
from the soil. In order to make a comparison with chemical attack, a 
solution was prepared composed of a 50/50 sterile mixture of 0.1 M 
oxalic and citric acids on the basis of the analysis of the culture me-
dium at the 8th day. With this mixture 100 g of the same mineral 
(olivine) was subjected to sterile chemical attack for the same dura-
tion and ceteris paribus. The final results are very similar and the 
pattern of the curves of the solubilized metals concentrations vs. time 
show that the solubility of the oxalates regulates the amount of metal 
in solution at equilibrium. It can be concluded that the microbial 
alteration, as produced in the experiments described, is equivalent to 
chemical alteration. Similar conclusions were reached in the laboratory 
of the Instituto di Arte Mineraria e Preparazione dei Minerali of the 
Engineering Faculty of the Cagliari University, where the investigations 
undertaken more than half a century earlier by De Grazia and Camiola 
were resumed in 1975. A leucite concentrate obtained by magnetic 
separation from a volcanic rock ("leucitofiro") of the Civitacastellana 
(Central Italy) area and finely ground [28] was employed in the expe-
riments. In 150 days, strains of A. niger, Scopulariopsis brevicaule 
and Penicilliurn expansum leached between 21 % and 27 % of the 
potassium, amounts which are much higher than those found in the 
sterile controls but quite close to those solubilized by a sterile solution 
of oxalic acid and citric acid (Fig. 2). 

It must be noted, however, that it is highly likely that the micro-
organisms produce a medium with a more complex composition than 
that of a simple mixture of oxalic and citric acids. 

Further research in this direction was conducted on muscovite 
[29] and on feldspar [30, 31] using soil bacteria and strains of A. niger, 
by Mehta et al. [32-34] on basalt, employing strains of P. simplicis-
sirnurn, by Aristovskaya and Kutuzo'ia [35] on nepheline, plagioclase, 
quartz and phytoliths, utilizing P. notattrn, Pseudornonas sp. and 
Sarcina ureae, by Silverman and Munoz [36], who described the action 
of a strain of P. simplicissimurn, isolated from weathering basalt rocks, 
on basalt, granite, granodiorite, rhyolite, andesite, peridotite, dunite 
and quartzite, by Karavaiko et al. [37], who worked on spodumene 
with several microorganisms amongst which P. nota turn and A. niger, 
by Avakyan et al. [38],  who reported on the activity of strains of 
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Fig. 2. Potassium solubiliza- 
tion of leucite vs. time 

curve 1 - sterile acid mix- 
ture; curve 2 - Penicillium 

50 expansum culturecurve 3 - 
sterile control. (From Rossi, 
1977. Copyright (1978) 
Pergamon Press, New York) 
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Trichoderma lignorum and P. nota turn, isolated from the weathering 
zone of a pegmatitic orebody, on spodumene, pegmatite and schist, 
and by Groudev et al. [39, 401 who reported on the enhancement of 
clays and kaolin leaching by various microorganisms among which 
A. nigerandP. simplicissimum. 

All of the above-mentioned authors are of the opinion that sub-
stantially the essential mechanism of aluminosilicate degradation by 
the moulds appears to be one in which the organism produces either 
acids or alkalis which then attack the rock (respectively by acidolysis 
or by alkalolysis) or complexing agents which in some way subtract 
the elements to the crystalline lattice (complexolysis), whereas the 
possibility of direct attack is excluded by all of them. 

Even though the moulds seem to be microorganisms capable of 
enhancing the aluminosiicate degradation processes, many reasons 
lead to consider with caution the possibility of their commercial utili-
zation. In fact, the weathering processes of rocks by moulds are cha-
racterized by relatively slow kinetics, since in order to achieve metal 
recoveries higher than a few tens of percent a few weeks are required. 
Furthermore, the biomasses which form during the process occupy 
considerably larger volumes than those of the rock masses on which 
they act, and this fact might detrimentally affect investment costs 
of industrial plants designed for continuous operation. With the present 
state of knowledge one suitable field of application could be the in-situ 
leaching or leaching in large, open air basins, climate permitting, since 
microbial activity is negligible at temperatures close to the freezing 
point of water. 

INVESTIGATIONS WITH SPECIFIC MICROORGANISMS 

The Academician Vernadsky [41] already pointed out, half a 
century ago, the possibility of decomposing silicates by the soil 
microorganisms which liberate the potassium ion along with other 
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silicate-forming elements. It was on the basis of this consideration that, 
in the forties', .Aleksandrov undertook a series of investigations aimed 
at isolating from agricultural soils bacteria capable of decomposing the 
silicates and at utilizing them for improving crops as a substitute for 
chemical fertilizers [42, 43]. 

Aleksandrov [44] provided information on the characteristics of 
"silicate" bacteria and, among other things, showed that: 

soil microorganisms participate in the soil formation processes, 
by transforming the potassium contained in the latter in a form 
not susceptible to assimilation by higher plants into an assimi-
lable form; 
the intervention of "silicate" bacteria allows to considerably 
improve the crops of wheat and corn from 56 % to 105 % and 
from 34.0 % to 50.0 % respectively. 

A more thorough knowledge of "silicate" bacteria was achieved, 
subsequent to further investigations, by Aleksandrov and Zak [45] 
who, in tests performed in Petri dishes with silicate agar, found that 
five days after inoculation the amount of potash solubilized in the 
presence of two bacterial strains was, respectively, 75.9 % and 67 % 
of the aluminosilicate present in the medium. 

Important progress was achieved, in the definition of the charac-
teristics of "silicate" bacteria, by Tesic and Todorovic [46, 47], who 
stressed the need of extending their function beyond the sole alumino-
silicate potassium mobilization and oriented their investigations 
towards the capalility of these microorganisms to utilize also the other 
elements of the aluminosilicates. 

Tesic and Todorovic, having ascertained the existence of substantial 
differences in the descriptions of these heterotrophic bacteria by 
various authors, have come to the conclusion that they actually belong 
to the old species known by the name of Bacillus circulans, Jordan 
(1890). 

In a later paper [481, the same authors reported on experiments 
which led them to ascertain that silicon (and probably aluminum) is 
an essential element for the normal evolution (probably for the forma-
tion of the cell capsule) of these bacteria in natural conditions; their 
view was confirmed by the papers subsequently published by Aleksan-
drov [50-55]. 

The experiments described so far, although they have not yet led 
to the achievement of the desired final aim, (i.e. the isolation of micro-
organisms capable of growing at the expense of the energy liberated 
during the biocatalytic destruction of the crystalline lattices of the 
aluminosiicates) have furnished encouraging results to stimulate the 
investigation of the possibility of transferring the utilization of alumi-
nosiicates biodegradation processes to the ore dressing field. 

It should be emphasized that one basic difference between the 
agricultural and the mineral-metallurgical utilizations is represented 
by the time factor: whereas in agricultural applications solubilization 
rates of the same order of magnitude of the vegetable growth are 
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acceptable, i.e. of the order of few milligrams per dm 3  of soil per day, 
and may be less, in the mineral-metallurgical applications the rates 
should be several thousands or tens of thousands higher, with reco-
veries in the region of 90 to 95 %. High rates allow, in fact, to limit the 
size of the plants and hence the investment costs, whereas high reco-
veries contribute to containing the operating costs. 

The application of biohydrometallurgy to aluminosilicates may 
derive advantage from at least four types of technological solutions: 

The production of a solid residue enriched in aluminum as a con-
sequence of the selective solubiization (extraction) of silicate com-
ponents. 

The selective aluminum solubiization. 
The selective removal of iron from the run-of-mine ore. 
The recovery of other values contained in the. mineral, as is the case 

of lithium from petalite and from spodumene or beryllium from 
beryl. 

Furthermore, the possibility of utilizing as fertilizers the spent 
liquors, which contain substances similar to heteroauxin and giberellin 
[39], cannot be neglected. 

The selective extraction of the silicate component has proved to be 
an efficient means of treating very lean bauxite run-of-mine ores, 
where the very fine intergrowth of the free alumina and silicate com-
ponent makes the liberation of the former with ordinary mineral 
dressing methods impossible [55-59]. With this procedure, Pol'kin 
et al. [60], resorting to strains of B. mucillaginosus, increased the 
grade of a bauxite (assaying from 12 to 14 % Si0 2 , from 38 % to 
49 % A12 03 , from 15 % to 21 % iron, from 3 % to 17 % Fe2 03 ) to 
58.7 % A1 2 03 , with a recovery of 87.2 % A1 2 03 . These favorable 
results allowed the authors to propose a flowsheet for the microbial 
beneficiation of this type of bauxite run-of-mine ores. 

Similar results were reported by Groudev and Genchev [39, 611, 
who worked with strains of B. circulans - of which 10 were wild and 
8 laboratory-bred after having been subjected to various treatments 
(X-rays, N-methyl-N'-nitro-N-nitrosoguanidine and ethylenimine)-on a 
bauxite assaying 43.4 % A1 2 03 , and 25.9 % Si0 2  [61]. The best results 
were obtained either with laboratory-bred mutant strains adapted to 
the bauxite ore and capable of growing at low pH's and high tempera-
tures 1391 or utilizing mixed populations containing several wild strains 
indigenous to the substrate. The leaching of alumina has been strictly 
selective since only the alumina bound to silica in the form of kaoli-
nite has been solubilized. A solid residue assaying 56.8 % A12 03  with a 
recovery of 81.1 % was obtained, whereas in the sterile controls the 
assay of the solid residue remained 44.3 % Al 2  03  

These same authors [40] achieved very interesting results working 
on two types of clays according to the second technique with 8 strains 
of B. circulans grown on a solid medium of Bogdanovich [61].  The 
best results were obtained in the flasks where the biomass development 
was maximum, and this fact leads to believe that solubiization is re- 

404 



lated to the development of the microbial population.  For certain 
bacterial strains the preliminary adaptation to the run-of-mine consti-
tuted a prerequisite for a faster aluminum leaching kinetics, whereas 
for other strains it seemed insignificant: on the basis of these observa-
tions the authors maintain that the interactions between clays and 
"silicate" bacteria are complex in nature and not as yet fully elucidat-
ed. With stationary cultures of a clay composed mostly of kaolinite 
and lute, Groudev and Genchev obtained a solution assaying 43.7 % 
Al, whereas from a kaolinite clay they obtained a 40.9 % Al solution; 
in the sterile controls the Al contents remained at about 1 %. 

Finally, the results reported by Karavailco et al. [38] and by 
Krutsko et al. [62] concerning spodumene biodegradation by means 
of mucilaginous "silicate" bacteria, are very significant. These bacteria 
appeared to be, in fact, among the most active microorganisms in de-
composing spodumene and in solubiizing lithium, aluminum and 
silica. The maximum lithium solubilization is achieved in the pH range 
from 3.0 to 5.0, i.e. in acid or weakly acid media, whereas the condi-
tions most favorable to silica and aluminum solubilization are in the 
range of neutral toweakly alkaline pH's. In 7 days 0.12 % lithium, 
1.6 % Si0 2  and 1 % A1 2 03  were solubiized. 

It is worth mentioning that "silicate" bacteria can be easily re-
covered from a pulp in a conventional flotation machine [ 63 ]. 

CONCLUSION 

The utilization of microorganisms for the beneficiation of alumino-
silicates constitutes the most recent research field in biohydrometal-
lurgy, and, although laboratory investigations, now numerous, have 
produced in many cases quite encouraging results, the processes based 
on them are still far from being competitive - with the present know-
ledge - with the conventional techniques. The latter, however, do not 
allow the exploitation of important aluminosiicates occurrences, 
amongst which the Italian leucite reserves and the bauxite orebodies 
located in various parts of the world and characterized by very fine 
intergrowths of alumina and silica. It is in view of the exploitation of 
these mineral resources that the development of biohydrometallurgy 
might play an infportant techno-economic role in the future. 

The discovery of the specifity of "silicate" bacteria towards silica 
undoubtedly represents a very important step forward in the develop-
ment of such processes, even though much research work remains 
to be done for a more accurate characterization of these microorga-
nisms. 

As a matter of fact, on the grounds of the reports of all the re-
searchers who worked on this subject, as well as of our own experience, 
doubts exist that Bacillus circulans, Jordan, can always be identified 
with "silicate" bacteria: certain collection strains of this microorganism 
did not actually exhibit any ability to enhance aluminosilicate solubii-
zation. In conjunction and as a result of this more accurate characteri-
zation, the selection of particularly active -' and, possibly, specific 

- 
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strains for the various types of aluminosilicates, as well as the develop-
ment of specific culture media should form the subject of research 
topics of immediate realization. 

The resort to genetic improvement techniques, to which, in any 
case, some researchers are already turning with success [61], should 
make it possible, at the same time, to enhance the ability to bioattack 
of the microorganisms recognized as being suitable, so as to allow the 
achievement of solubilization rates high enough to make the invest-
ment costs for continuous operating industrial plants competitive. 

The performance of laboratory reactor bioleaching tests should 
constitute an obligatory step of the research. In this regard, the im-
portance of the standardization of the experimental techniques should 
be emphasized so as to allow a more fruitful and close cooperation of 
the various laboratories involved in this type of research. 

The fact that the weathering of rocks can be produced by several 
other bacterial genera, as shown e.g. by Lyalikova et al. [64], who 
worked with ultrabasic rocks, may extend in the future this field of 
research. 

Much work has also been done with moulds: and the results obtain-
ed have undoubtedly provided a lot of useful information on alumino-
silicates biodegradation processes, but these microorganisms are pro-
bably less suitable than "silicate" bacteria in the development of in-
dustrial processes, since it has been demonstrated, for most of them, 
that there is no direct attack. One parameter suitable for the compari-
son of the two types of microorganisms might also be the ratio between 
biomass and mass of mineral involved in the leaching process:, this 
ratio is far lower for bacteria than for moulds, with significant conse-
quences on the dimensioning of the continuous operation' plants. With 
the present state of knowledge, however, it cannot be excluded 
that, for processes to be carried out in-situ or in inexpensive open-air 
basins moulds may also find suitable application in aluminosilicate 
biodegradation. 

It can be concluded that more research on pilot and semi-industrial 
scale and a closer cooperation between engineers, microbiologists, 
chemists and physicists are still required for the perfecting of suitable 
techniques of aluminosilicate degradation. 
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SULFATE-REDUCING BACTERIA AND SOME MICROSCOPIC 
FUNGI IN ORE PREPARATION AND HYDROMETALLURGY 
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'V.1. Nikitin' Institute of Chemistry, Tajik SSR Academy of Sciences, 

Dyushambe, USSR 

INTRODUCTION 

Microbiological processes are widely used in various branches of 
industry and science. 

Bacteria Thiobacillus ferrooxidans and Thiobacillus thiooxidans 
are successfully used in recovery of non-ferrous and radioactive metals 
from ores [1, 21. Little attention, however, is devoted to the prospects 
of using other species of bacteria as flotation reagents and as agents for 
leaching of mineral raw materials. 

The present report, therefore, represents an attempt to draw 
attention to a wider range of applications in non-ferrous metallurgy 
of a number of valuable properties of microorganisms, sulfate-reducing 
bacteria in particular. 

SULFATE-REDUCING BACTERIA AS MODIFIERS 
OF THE FLOTATION PROCESS 

Sulfate-reducing bacteria are a specific group of anaerobic bacteria 
capable of utilizing sulfate oxygen for oxidation of organic matter, i.e. 
of performing anaerobic respiration. The sulfates are thereby reduced 
to hydrogen sulfide. Sulfate-reducing bacteria are the main producers 
of hydrogen sulfide in nature [3]. 

The present study employed an enriched culture of bacteria belong-
ing to the genus Desulfovibrio. The bacteria were grown on the Postgate 
medium containing sodium lactate. 

The study resulted in the development of a simpler nutrient me-
dium containing cheap components of cotton seed processing and 
bitumens of coal and oil as a carbon source. 

Optimal conditions for development of bacterial culture were 
determined by the amount of hydrogen sulfide produced. Kinetic 
studies revealed that maximum amount of hydrogen sulfide was pro-
duced on the fifth day when the concentration reached 300-400 mg 
hydrogen sulfide per liter (220. 106  cells/mi), i.e. 10 times as low as the 
solubility limit (0.1 M). 

A treatment of oxidized lead and antimony minerals with a culture 
of sulfate-reducing bacteria drastically improved the flotation and 
ensured a 85-92 % extraction. Floatability of cerussite pretreated with 
the microorganisms was increased by 20-25 % [4, 5]. 
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When minerals are kept in contact with the bacteria for a short 
time flotation is activated, however, prolonged treatment results in a 
deep depression of flotation [6]. Floatability of minerals can be restor-
ed by washing them to reduce the residual hydrogen sulfide concentra-
tion. 

The efficiency of bacterial treatment has been tested in the flota-
tion of oxidized lead ores of Tajik deposits, under laboratory condi-
tions and on a pilot flotation plant in a continuous cycle [7]. The ore 
minerals consisted mainly of galena, cerussite and plumbojarosite. 

Sulfate-reducing bacteria were used to sulfidize lead ores of varying 
degree of oxidation and various elemental composition. Extraction of 
lead was improved by 5-8 % as compared to flotation using sodium 
sulfide under same conditions. 

In pilot plants, the lead concentrate produced with the aid of 
sulfate-reducing bacteria contained 43.3 % lead and the extraction 
amounted to 85.4 %. For sodium sulfide flotation, the concentration 
and extraction were 43.1 % and 83.56 %, respectively. 

A treatment of tailings from flotation of antimony sulfide with 
sulfate-reducing bacteria increased antimony extraction by 8 % owing 
to utilization of antimony oxides. 

The bacteria exert no depressing action on molybdenite and galena, 
which is used in selective separation of molybdenite from chalcopyrite 
and of sphalerite from galena. 

Experiments were also performed on the use of microorganisms to 
desorb xanthogenate from the mineral surface [8-10]. Minerals were 
first flotated, the foamy product of flotation was dehydrated and then 
exposed to different concentrations of bacteria. 

It has been found that a large portion of xanthogenate is desorbed 
under these conditions, and the minerals lose their floatability. 

The. findings were checked in separation of an artificial mineral 
mixture composed of galena and sphalerite, with sulfate-reducing 
bacteria as desorption agent. 

The minerals were first subjected to bulk flotation under optimum 
reagent conditions corresponding to maximum extraction. Selective 
flotation of the concentrate was performed following its treatment with 
sulfate-reducing bacteria and supply of appropriate reagents. 

Extraction of glena into lead concentrate after treatment with 
106  bacteria per ml of culture fluid was 83.63 %, and the galena con-
tent of the concentrate was 94.65 %. Sphalerite extraction under these 
conditions was 4.48 %. No selective separation of the lead-zinc con-
centrate was observed in the control experiments. 

It is worth mentioning that hydrogen sulfide is oxidized by oxygen 
at a lower rate than sodium sulfide, and hence the concentration of 
H2 S and the S 2  and SH.ions in the flotation pulp will drop slower 
than in the case of Na 2  S. For this reason, desorption of xanthogenate 
from the surface of sulfide minerals can be more effectively performed 
with sulfate-reducing bacteria than with sodium sulfide solution. 
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It is evident, therefore, that sulfate-reducing bacteria is a promising 
means for desorption of xanthogenate from the surface of sulfide 
minerals in bulk-selective flotation of lead-zinc and copper-molybde-
num concentrates. 

Calculations have shown that sulfidization expenses in the case of 
using sulfate-reducing bacteria are reduced 30-fold as compared to the 
sodium sulfide method, without taking into account the higher con-
centrate quality and the greater extraction of valuable components. 

LEACHING OF ANTIMONY- AND TIN-BEARLNG ORES 
BY SULFATE-REDUCING BACTERIA 

Sulfate-reducing bacteria can be effectively used as reagents for 
leaching of antimony-containing materials, such as antimonite and 
antimony flotation concentrate [11-131. 

In antimony hydrometallurgy only sulfide-alkaline solvents are 
used on a commercial scale. 

For bacterial leaching of an antimony-containing material, the 
solvent used was a solution of sodium hydrate (120 g/l) supplemented 
with various amounts of enriched culture of sulfate-reducing bacteria. 

The pulp (solid:liquid =1:16) was heated to 90 °C. 
The leaching of antimony was performed in two stages. The dura-

tion of the first stage was one hour, after which the solution was 
removed, and a new solution containing all the required reagents was 
added to continue the leaching for another 0.5 hour. 

Extraction of antimony under these conditions was between 
96.5 and 98.04 %. 

As compared to the use of sodium sulfide, this method of leaching 
has a number of advantages for the given material. 

The presence of free alkali in the solution considerably increases its 
conductivity, thereby improving characteristics of the subsequent 
electrolysis process. 

Products of oxidation of sulfide sulfur are known to adversely 
affect electrolysis of sulfide-alkaline solutions of antimony [14]. 

Polysulfide ions, for example, diffuse to the cathode and dissolve 
metallic antimony as well as oxidize trivalent to pentavalent antimony. 

The conventional method of antimony leaching requires higher 
concentrations of Na2  S as compared to leaching with sulfate-reducing 
bacteria, resulting in a lower current efficiency. 

The ability of sulfate-reducing bacteria to produce a large amount 
of hydrogen sulfide has also been used for leaching tin from difficult- 
to-enrich hydrostannite-warlamovite ore. The ore was subjected to 
roasting-magnetic concentration which resulted in a concentrate con- 
taining 9.5 % tin. This concentrate was then used for bacterial leaching. 

Following incubation for 4 days, the culture fluid was used as a 
working solution for leaching of tin from the concentrate. The con- 
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centrate with particle size —125+71 p (total weight 10 g) was placed 
into a porcelain beaker and treated with an enriched culture of sulfate- 
reducing bacteria (solid:liquid = 1:20) at continuous stirring for 2 hours. 

Characteristics of tin leaching with sulfate-reducing bacteria and 
with sodium sulfide are compared in Table 1. 

Table 1 
Effect of sulfate-reducing bacteria and sodium 
sulfide on tin leaching (2 hours, S:L = 1:20) 

Material Yield, % Tin con- 
tent, % 

Tin extrac- 
tion, % 

Experimental 
conditions 

Cake 84.1 1.31 11.6 30 % sodium sulfide, 
Solution - 50.3 88.4 60 °C 
Concentrate 100.0 9.5 100.0 

Cake 86.2 0.99 9.2 Sulfate-reducing bac- 
Solution - 62.5 90.8 teria, H 2 S, 330 mg/I 
Concentrate 100.0 9.5 100.0 

Bacterial leaching has improved extraction of tin into the solution 
by 2.4 % and obviated the need for heating the pulp. 

TRANSFORMATION OF SULFATES IN'I'O CARBONATES 
BY SULFATE-REDUCING BACTERIA 

It has been previously found that gypsum could be used for obtain-
ing calcium carbonate [15]. 

The treatment of poorly soluble sulfates, such as CaS0 4 21-12 0, 
with sulfate-reducing bacteria results in conversion of sulfur to hydro-
gen sulfide and in stimulation of calcium carbonate formation: 

2CH 3 CHOHCOONa + CaSO4 . 	bacteria H2 S + 

+ 2CH 3 COONa + CaCO 3  + 3H2 0 + CO2  

This ability of sulfate-reducing bacteria was also successfully used 
by the authors for processing of some alkaline earth metal sulfates. 
Enriched culture of sulfate-reducing bacteria was first adapted to a 
number of alkaline earth metals by means of gradually substituting 
their sulfates for the water-soluble sulfates of Postgate medium. After 
five successive passages, while increasing each time the amount of 
alkaline earth sulfates and decreasing water-soluble sulfates (down 
to 20 %), the enriched culture of sulfate-reducing bacteria thus obtain-
ed was able to promote conversion of alkaline earth sulfate to carbo-
na,te. 

The process of converting sulfate to carbonate was carried out in a 
0.5 liter fermenter with two gas-supply tubes (to remove hydrogen 
sulfide and to supply nitrogen) and a valve (to feed nutrient medium 
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and inoculate), at continuous stirring with a magnetic stirrer, constant 
temperature 28-30 °C and pH 7-8. 

The fermenter was filled with a nutrient medium containing 0.9 gil 
sulfates, and inoculate (10 % of the fermenter volume) consisting of 
the, adapted strain was added. Hydrogen sulfide was removed from the 
fermenter once every 5 days by blowing nitrogen at a rate of 
26 mi/hour. 

These optimal conditions for the growth of sulfate-reducing bac-
teria offered high efficiency in converting sulfates of alkaline earth 
metals to carbonates which were suitable for an immediate use by the 
consumer. 

USE OF MICROSCOPIC FUNGI FOR THE RECOVERY 
OF ARSENIC FROM SOLUTION 

Ecological problems call for development of novel processes for 
recovery of arsenic from solutions. One such method is based on 
reduction of arsenic to a gaseous state (trimethyl arsin) using fungi, 
Fungi imperfecti [16]. Subsequent burning of the gas at 550-650 °C 
allows a recovery of arsenic in the metallic form. 

The fungi grow more rapidly on a neutral or alkaline medium, 
which is essential for using them in extraction of arsenic from carbo-
nate-rich ores. A maximum extraction of arsenic into the gaseous phase 
has been found to occur following cultivation of the fungus on the 
Chapek medium. In arsenic-containing solutions the growth of the 
fungus is somewhat inhibited, the development starting only after 
2 days. The process is affected by arsenic concentration in the solution. 
Intensive growth of the biomass, for example, is observed at arsenic 
concentrations between 5 and 10 g/l. 

Table 2 shows the kinetics of arsenic extraction from solution into 
gas as a function of arsenic concentration in solution. 

It is clear from the Table that arsenic is extracted into the gaseous 
phase almost completely. The method affords extraction of arsenic 
from concentrated solutions and can be used for the processing of 
arsenic-containing solutions at hydrometallurgy plants. 

Table 2 
Kiietics of arsenic extraction from solutions of different concentration 

into a gaseous phase by means of microscopic fungi 

	

Sodium arsenite solution 	Industrial arsenite solution 
Time, 
days 	Arsenic content, Arsenic extrac- Arsenic content, 	Arsenic extrac- 

g/l 	I 	tion, % 	gil 	I 	tion, % 
0 0.5 0 5.12 0 
3 0.39 22 1.98 61.4 
6 0.16 68 0.34 93.4 
9 0.06 88 0.18 96.5 

12 0.009 99.79 0.14 99.8 
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