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ABSTRACT 

Emerging environmental and ~onomic trends are combining to create a 

new technological context within which planned mineral projects will be 

developed and existing ones will have to adapt to remai~ viable. This is 

increasing the complexity and number of process ro~tes available for minin~ 

and metal recovery. With the increasing nec~ssity to recover margir.al ore, 

by-products and pollutant eleme~ts, these process routes wiJl ~e more closely 

deter:JLined by the geological specifications of each a.tine. 

Bacterial leaching can broaden this range of process routes through 

traditional dump leaching of mine waste, the leaching of ma~ginal sulphide ore 

and concentrates in optimized systems and the resolution nf certain problems 

in sulphide metallurgy. With the exception of concentrate treatment these are 

processes for which, as yet, no viable alternatives exist. 

The leaching bacteria are essentially oxidation agents that attack 

sulphide minerals, both directly and indirectly t~rough the accelerated 

creation of a ferric acid lixiviant., dissolving their mineral content and 

freeing the associated metal ions for recovery. 

The potential of bacterial leaching is rooted in the fact that these 

living or9anisms require the fulfillment of special conditions for maximum 

growth and thus maximum oxidation and leaching rates. The natural (e.g. 

geological) characteristics of the leach system will also affect the 

efficiency of the biologjcal and chemical reactions. It is here that the 

scope lies for optimizing the leaching process for economic gain. 

Thia has important implications for developing countries since they 

have long mining histories, and thus mineral-r~ch dumpss and the majority of 

sulphide deposits and new mineral projects are within their. boundaries. 

Virtually all the exa:aples of commercial bacterial leaching operations -

~inly in the industrialized countries - are subopti~l dump systems of waste 

previously considered uneconomic for metal recovery. They are suboptimal 

-1 



-
- iv -

because the microbiological component of the leaching process was not rea]ized 

at tt.e time of their construction. This means t:hat the developed countries 

are limited as a source of know-how for the development of bacterial leaching 

in c:eveloping countries. 

Furthermore, technology development in bacterial leaching puts special 

nemands on developing-countrr mineral producers. Linking biotechnology with 

the minerals industry requires a wide range of knowledge, skill and technical 

inputs which involves microbiology, geology, mining, metallucgy and chemical 

enyineering. These inputs need to be combined in multidisciplinary teams 

which work in close proximity to the oroduction sector. In addition, a 

preliminary step to optimizing the leaching process is using indigenous 

bacteria and loc:al mine water. Knowleage about the specific geological and 

f'nvironmental constraints on technological development ir aL·o essential. 

A technology policy response is thus considered imperative if 

developing countries ~tan to apply bacterial leach~ng technology. 

~n this context the present paper develops a scheme which categorizes 

the requirements considered fundamental to the development ana implementation 

of ~ technically a~d economically efficient bacte~ial leaching project. 

A subregionai technology development project in bacterial leaching, the Andean 

Pact Copper Project, is analysed according to this scheme and tne limiting and 

stimulating factrrs influencing the building up of the nec~ssary capabilities 

in this areu are identified. Policy suggestions are ther. made at the project 

level, dr,~"iing on this a"'t>lysis, the scheme itself and literature reviews. 

It is concluded that the potential bacterial leaching offers to 

developing countries is both promising and positive. Thus, some 

recommendations are made regarding areas where more general work is needed to 

complement project policy if the benefits of optimized bacterial leaching are 

to be harness~ to contribute to the development of the minerals sector of 

developL1g countries. 

l 

., 



- v -

PREFACE 

The present paper explores the potential for developing countries of 

the application of biotechnology in the minerals industryJ in particular, it 

focuses on the ~acterial leaching of copper ores. 

The research has been carried out from the perspective of technology 

policy for technical change and innovation in the area of the minerals 

industry. The Andean Pact Copper Project, a technology developre~nt project 3t 

the Board of the Cartagena Agreement (JUNAC), commonly known as the Andean 

Pact, was used as a case study. 

The relevance of the Andean Pact Copper Project lies in the lessons 

that can ~e extracted from ten years' experience of technology development in 

the area of bacterial leaching. Its importance derives fr.om the observation 

that technical changes in the minerals industry, in response to various 

economic and environmental trends along with foreseeable advances in 

biotechnology, indicate that bacterial leaching wEl play an important role in 

!:roadening the range of process routes available for the development of new 

mineral projects. 

The approach adopted by this research is interdisciplinary. In part it 

was stimulated by the fact th~t as yet there exists no body of literatu~e 

which examines the changing technological CC"ntext in which new mineral 

projects will develop and existing ones will ha•!l: to adapt to remain 

economically vicsble. This lacuna has important consequences for de·1eloping 

countries since they account for over 70 per cent of world mineral exports and 

over 60 per cent of pl~nned investment in new mineral development projects1 

furthermore, the geological evidence indicates the existence of ma~y more 

mineral deposits within their bounnaries. 

I 
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Although the technical literature on the minerals industry reports on 

the latest technical developments and new mineral projects, it fails to draw 

out their implications for developing countries. The literature relatin~ 

directly to developing-country mineral producers is confined to economic 

investigations of the conditions of foreign invest.ment by transnational mining 

COlllpanies or the marketing of minerals. Similarly, in t~e area of 

intercountry co-operation, t~e emphasis has been predominantly on mark~ting 

policiesJ improving prices by cartel action, for exillllple, through joint 

producer organizations like the International Bauxite Producers Associ~tion 

(IBPA), the International ~uncil of Copper Exporting Countries (CIPEC), or 

the International Tin Council (ITC). 

The biotechnology literature also has failed to explore the relevance 

of advances in its f'~ld for the mineral industry. Although some researchers 

have mentioned mineral leaching as a possible area of application, it is 

rarely discussed further. Rather than the implications of its development 

being drawn out, reference is made only to a few theoretical microbiological 

works on the subject. Indeed, many working definitions of biotecnnology 

exclude bacterial leaching and the natural resource industries by referring 

only to the manufacturing and service sectors. Finally, the technology policy 

literature itself has dealt predominantly with the ~anufacturing and capital 

goods sectors of developing countries. Very little technology policy research 

has been carried out on the mining and mineral processing industries1 nor 

have the special conditions of the natural resource industries been 

acknowledged1 that is, the specificity of their geolcgi~al base and the 

impli~ations for local technology development. 

Alth0ugh this paper is by no means an exhaustive survey, an important 

objective is to map out the links between minir,g and mineral processing 

technology, min~rals policy, biotechnology and technology policy1 and to sr~w 

their relevance for the development of the minerals sector of developing 

countries. Thus, the paper analyses tPChnical chan1e in the international 

minerals industry and its implications for developing countriesJ locates 

biotechnolcgy and the potential role of bacterial leaching ~ithin this 

contextJ and, on the basis of detailed case-study research, draws out some 

policy guidelines for technology development in this area. 

l 
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Fran the beginning, an overwhelming necessity emerged both to build up 

Jetaiied technical knowledge about the mining and metal production process and 

to carry out field-work at the mine site. Vi~ts to mines, and mineral dumps 

and inforaal discussions with miners, geologists, enqineers and mine 

management proved to be a fundamental source o:· inf.;:;c:nation fer the research. 

It should not be forgotten that people as well as plant, equipment and rocks 

are also subject for investigation in dealing with technology policy for 

technical chanqe. Indeed, if one has visited the mines of the Andean region 

~~e could never forget the men, women and children there and the impoverished 

conditions in which the/ live and wo~k. 

Technology policy for the mining industry in d?veloping cocr.tries 

cannot be divorced from it~ social context and t~e urgency for real social 

development. This at least was one of the lessons which clearly ~cerged from 

field-work in Bolivia, Peru and Chile. 

For these reasons the paper is a product of the following1 extensive 

field-work in the Andean region which included over twenty mine-site visits 

and interviews with people at t~e mines, compar.y headquarters, R and D 

institutes, universities and ministries, a detailed review of the te~hnical 

literature1 visits to centres of expertise and interviews with international 

experts) and an analysis of technology policy literature. 

The empirical part of this research was carried out throughout 1982 

based at the offices of the Technology Policy Group of the Andean Pact ar.d 

without their generous suppoct and kind assistance, this work could never have 

been completed. The field-work w~~ supported by the Technology Programme of 

UNIDO. Generous and crucial oupport was also provided by the Science Policy 

Researcn Unit at the University of Sussex, United Kingdom. Many other 

institutions and companies were very helpful during the field-work, 

particularly through prov~ding transport and access to mines and research 

·1 I 
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f3cilities. Principal amongst these were: InstiLuto de Investi~acion de 

Mineria y M~talurgia (IIK't), Corporaci6n Minera de Bolivia (COMIBOL) in 

Bolivia1 Centro de Investigaci6n Minera y Metalurgica (CIMM), Corporaci6n 

Nacional d~l Cobre de Chile (CODELC0)1 Disputada (subsidiary of Exxon in 

Chile), Institute de Investigacior~s Tecnol6gicas (INTEC), the University of 

Chile in Santiago, and the Catholic University of Valparaiso in Chile; 

Empr~sa Minera del Centro del Peru (CENTROMIN), Lhe national mining 

corporation of Peru (MINERO-PERU) and Inslituto dP. Investigaci6n de Geologia, 

Mir.eria y Metalurgia (INGEMME'i') in Peru. Finally, I should like to thank the 

following people personally fo~ their invaluable ~elp and support: 

Liliana Acero, Fernando Acevedo, Carlos Aguirre, Catherine Aliende, Giselle 

A~genti, Jorge Banach, Fabrizio Bargellini, Martin Bel), Julio Bonelli, 

A. Bruynesteyn, M. Burcher. Saul Cabrera, Vicente Cardenas, Narciso Cardozo, 

~orwan Clark, Auriel Corimaya, Adam Daum, M. Dizy, Cristina Echevatria, Carlos 

Feriz, Juan Fernandez, Gustavo Flores Guevara, P,M.J. G~ay, I. Herbert, Cesar 

Herrera, Mary Herrera, Kurt Hoffma~, Gilberto Hurtado, Jeannete I\az~ta, 

~.Jacobi, G. Janka, Rolando Jordan, Raphie Kaplinsky, A. Lenel, Eleuterio 

Le6n, Cesar Loayza, Antonio Luraschi, William Macha, Humberto Mallo, Marcelo 

Marti, C~rlos Molina, Waldo Neves, Jose Norman, Geoff Oldham, Mario Paulsen, 

Jurgen Picardo, Angel Pinaya, w. Pincheha, Salom6n Rivas, Jorge Rodriguez, 

Di6genes Roques, N.W. de la Roux, Francisco Sagasti, Mario Salari, Teresa 

Salazar, Bernardette Silva de Enriquez, Ruth Silva de Enr i·-1uez, K. Singh, 

Claudia Solero, Lucho Soltau, Luis 3oto-Krebs, M. Tributch, ~Jvaro Ugalde, 

Toya Uribe, Jaime Urquidi, Miguel Vargas, Juan Zegarra. 
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INTRODUCTION 

Ce~tain biological agents, principally microorganisJDS, h&ve the 

capacity to contribute to the conversion of raw materials into useful 

products. Biotechnology is the term generally used to describe the 

application of these biological reactions to industrial processes. 

For several centuries societies have been producing fermented foods and 

beverages and recovering metals fro• bacterially-activated mine waters. These 

activities ~er~ usually carried out without knowledge of the causative 

agents. However, it is the understandinq of the biological and chemical 

mechanisms at wor·k which distinguishes modern biotechnology sbce this :i.s the 

first step towards optimizing their efficiency for economic gain. 

The productivity of microorganisms and the efficiency of related 

biological reactions - which may determine the economic competitiveness of 

an industrial process - can now be improved by an increasing number of 

techniques. For example, particular nutrients may be added to the system, 

specific environmental parameters changed, strain selection and improvement 

carried out and genetic engineering undertaken. 

Previously the applications of biotechnology were constrained by the 

necessity to use biological agents which carried out the required conversion 

processes n~turally. However, g~netic engineering, using recombinant DNA 

technology, is rapidly opening U? the way for the significant alteration of 

the properties of existin9 strains of microorganisms as well as novel products 

and pr.x:esses. By manipulatlng the DNA - the genetic material of cells which 

directs their metabolism - it is possible to implant •instructions• which can 

modify the cel~s' behaviour to benefit industrial processes. 

Indeed it is the grCJWing number of industrial processes to which 

biotechnology can now be applied wh!.ch makes it an area of consBerable 

current interest. It is now possible to categorize at least seven major sets 

of application of biotechnology to industry. "nlese ares energy production, 

food production, agriculture inputs, feedstock& for the chemical industry, 

environmental management, medical products and resour~es recovery. 

-1 
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This paper will focus on the la~ter category of apElications. 

Its objective is to evaluate the application of biotechnol"Jgy to mineral 

extraction and metal recovery, particularly copper, and to assess the 

implications of advances in this area for mineral-producing developing 

countries. This is oone from both a technical and technology policy 

perspective using the ~ndean Pact Copper Project as a case study. 

The Andean Pact Copper Project was chosen as a case study since 

it represents one of the few examples of the development and application of 

bacterial leaching technology in developing countries. It is particularly 

interesting since it was designed to achieve specific technology policy 

objectives. These include-i the development of local resources and skills and 

a more efficient system of technology transfer both from developed countries 

and between developing countries. Hence, an analysis 0f this project, apart 

from its intrinsic interest as a policy endeavour in the area of biotechnology 

and the mining industry, provides a useful source of quidelines and ideas for 

other developing cour.tries considering exploiting the potential of bacterial 

leaching. 

The recent awareness within some industrial sectors of the potential of 

biotechnology can be attributed not only to academic advances made by 

microbiologists and geneticists, but also to the incentives for innovation 

provided during the 1970s and early 1980s by economic and environmental 

considerations such as the depletion of natural resources, chemical pollutJ.on 

and rising energy costs. 

In the case cf the minerals industry, technical developments over the 

last decade in response to these factors mean that there now exist a number of 

technically viable options to be considered during process route selection. 

Recent innovations in pyrometallurgy include: matte-making processes such as 

flash furnaces, oxygen sprinkling smelters and electric furnace smelting, and 

continuous matte-making and converting techniques like the Noranda and 

Mitsubishi processes. In the area of hydromet&llurgy, processes for leaching 

sulphide minerals and mixed ores using chloride, cyanide, ~niacal and 

bacterially-activated solutions have been developed1 and solvent extractior1 

combined with electrowinning is emerging as an important economic alternative 

for metal recovery. 

l 
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A unique characteristic of the minerals industry is that the geological 

peculiarities and geographical location of each mine site mean that each is a 

special case requiring a specially designed process route rather than one to 

meet more general requirements. So, in the present international climate, 

planners of new mineral projects have to consider a wider range of process 

routes, wh~ch may even include unconventional alternatives, so that the 

treatment showing the best overall economics can be found. 

It is in this mutual sphere of biotechnological advance and economic 

and e~virorunental pressures for technical change in the minerals industry that 

the potential of bacterial leaching is located. 

Bacterial leaching is a naturally occurring process whereby certain 

microorganisms, notably Thiobacillus ferrooxidans (T. ferrooxiddns), 

facilitate the conversion of ncrmally insoluble sulphide minerals, such as 

pyrite, chalcopyrite etc., into water-soluble forms, thus freeing the 

associated metal ions for subsequent recovery. The bacteria obtai~ the energy 

they need for functioning and growth from the oxidation of in~rganic compounds 

of iron and sulphur and in doing so accelerate their oxidation to sulphuric 

acid and ferric sulphate soluticns 11p to 106 (a million) times faster than 

would normally occur in the presence of air alone. This in turn significantly 

speeds up the dissolution of water-soluble sulphide minerals. In addition, 

there is reliable ~vidence to suggest that several bacteria strains 

!~~e section 1.3.1.3 below) diI~tly attack the oxidizable parts of normally 

water-insoluble sulphide minerals, transforming and bteaking them up into 

water-soluble forms. 

Since bacteria are living organisms, they require special conditions 

for maxim1Jm function~ng and growth and thus optimum oxidation and leaching 

rates. In general they require abundant oxygen, a highly acid pH, specific 

nutrients and a moderate temperature while some dissolved metals, for instance 

uranium, can be toxic to certain strains. However, there are precise 

conditions which enable optimum bacterial activity and these are generally 

best fulfilled for each bacteria strain by its indigenous environment. 

Sioilarly, the characteristics of the lP.ach system - its mineralogy, 

particle size, dump porosity, air updraught, temperature profile etc. - will 

also affect the efficiency of the biological reactions and thus the amount of, 

and rate at which the contained metal can be taken into solution. 

l 
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It is thee~ ~id~-ranging sets of parameters which provide the scope for 

optimizing the bacterial leaching process for economic gain. 'nlree aain 

routes ~o optimization are identifi£d and discussed in this paper. These 

ares leach system design, solution management and impro?e11ents of the 

bacteria. Indeed, genetic engineering offers great potential for improving 

leaching bacteria. For example, cell adjustaents could be made so that the 

bacteria selectively leach particular sulphide minerals, or are unaffected by 

certain toxic substancesJ and the oxidation reactions themselves could be 

~peeded up. 

However, the precise biocheniical mechanisms at work, and indeed the 

detailed characteristics of the bacteria themselves, are still inadequately 

understood. Nor has it been reported that genetic engineering has been 

successfully carried out on these species. 

This, coupled with a corresponding lack of knowledge about the nature 

and extent of mineral reserves to which the process can be applied, means that 

at this stage it is impossible to determine with accuracy the economic il!lpact 

that bacterial leaching may have on the minerals industry. However, this does 

not prohibit a detailed exploration of the potential of bacterial leaching in 

the present paper. Indeed, the indicatione are that in the light of the 

economic and environmental trends identified, bacterial leaching can provi6e 

an important means to expa1·d mine ~apacity at low marginal costJ while, at the 

same time, reducing pollutant effects and stimulating wide-ranging, 

economically significant internal capability accumulation processes. 

It is argued in the present paper that bacterial leaching may 

contribute to broadening the range of possible process routes for mineral 

~xtraction and metal recovery in three main ways. 

First, the !~aching of sulphide values from waste dumps of previous 

mining operations, which worked with a higher cut-off grade, or the •flushing 

out• of old mines, using in situ leaching techniques. Thua recuperating 

•extca• mineral content and, in so doing, preventing natur~l pollution by 

uncontrolled acidic effluents. 
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Secondly, the leachi.ng of overburden from newly-developed mineral 

depobits, and of aarginal ore during ongoing operations, in heaps specifically 

designed to optimize the leachi~ process for short-term econo:nic gain. 

Thirdly, tne more novel possibility of leaching sulphide concentrates 

in vat or confined systems under carefully car.trolled conditions. 

These elements have important implications for mineral-producing 

developing countries, not least with respect to technical choice and decision 

making, since the majority of sulphide mineral deposits and planned sulphide 

mine development projects are located within their boundaries. Furthermore, 

those countries have long mining histories, which would imply that significant 

mineral wealth is contained in existing dumps. 

However, virtually all the examples of the commercial applications 

of this technology are in dumps of ~~1at was previously considered waste or 

marginal ore and are mainly located in the industrialized countries (for 

example, south-west United States of Ame~ica, Canada and the Union of Soviet 

~ocialist Republics). Since it was realized only recent!y that sulphide 

leaching has a microbiological component, these dwnps were not constructed 

according to parameters to optimize the process. s~ althcugh these bacterial 

leaching operations a~count for over 10 per cent of the production of copper 

in the United States, they generally have recuperation rates of between 

60 per cent and 40 per cent of the contained metal in a period which usually 

extends between five and twenty years. Lab.lratory and pilot plant projects 

have indicated that recuperation rates of over 80 per cent can be obtained 

from optimized leach systems in peril")ds as short as 18 months to two years. 

Such results were obtained by CENTROMIN, Peru, at its Toromocho mine during 

the Andean Pact Copper Project. 

The principal implication of all this is that there is no precedent in 

the industrialized countries of optimized bacterial leaching operations. 

There ace no general models upon which the developing countries can design 

their leaching projectsJ and, as a source of technological know-how in this 

field, the potential of the industrialized countriea, although important, is 

limited. 

l 
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In addition, linking biot~hnology with the minerals industry deeands 

a COllbination of ~ wide ranqe of knowl~e, skill and technical inputs ani 

there are very few examples of multidisciplinary teaas in the traditional:y 

divisio~- and department-structured mining companies. 

In this context, based on a detailed literature survey, discussions 

with experts and field-work at the mine sites, a scheae is developed 

(in section 1.5), setting out the categories of technologi~al capabilities 

require-i for the development of an econ<>11ically and technically efficient 

bacterial leaching project. This tech~~logical capabilities •framework• fonas 

the core of the research. It provides the basis for both the critical 

analysis of the Ancean Pact Copper ?roject and the guidelines for the related 

technology policy proposed in the concluding chapter. 

The paper organizes the findings of detailed field-work and literature 

searches in both Latin America and the United Kingdom in the follcwing way1 

Chapter I exa?Dines the potential of bacterial leaching in the context of 

technical chanqe in the minerals industry and the copper produc~1on process. 

Subsections treat, ~~ turn, the copper production process and current trends 

in its development1 the implications of these trends for developing countries 

and the potential of bacterial leaching technoloqyJ the mE:Chanisa of bacterial 

leaching1 leach system design and optimization, and, finally, a :ch~Me for the 

technological capabilities required i0r bacterial leaching technology 

development. 

Chapter II summarizes the arguments developed in chapter I. Lessons 

are extracted from the analysis of the Andean Pact Copper Project and, b&sed 

on the Bacterial Leaching Technology Development Scheme of chapt~r I referred 

to above, some guidelines are discussed for future projects. Finally, some 

teconaaendations are made relating to possible po!icy responses, at a more 

general level, to the potential offered by bacterial leachinq to developing 

countries within the changing technological context of their mineral 

development. 

The analyses which follow of both the potential of bacterial leaching 

technology and its application within the Andean rf:<jion, illuminate several 

currently topical technology policy issues. Perhaps the most interesting and 
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important of these is the obser"ed tendency inherent within the development of 

bacterial leaching technology which leads to the localization of the technical 

change process. This is because of the intrinsic necessity for local 

capability accumu:ation and utilization if an optimally operating l~ach system 

is desired. 

There are t·AO principal reasons f0. this: first, the essential input 

which site-specific mining, mineralogical and metallurgical knowledge forms 

during the design, implementation and operation of bacterial leachin~ 

projects. Secondly, the unreliability and impracticality of trying to develop 

parameters to optimize the environment-sensitive activity of the leaching 

oacteria outside o! the production sector and away from the intended site of 

application. 

Overall, although accepting that bacterial leaching will not be 

appropriate in every case, what clearly emerges from this work is that the 

pot~ntial for 4pplyinq biotechnolgy ~0 the minerals industrf of developing 

countries is both promising and positive. Further study, however, is needed 

with respect to policy for both maxi.aizing the benefits and optimizing the 

local participation. It is hoped that the present paper contributes in some 

way to the provision of guidelines to achieve the~P ends. 

l 
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CHAPTER I 

THE COPPER PRODUCTION PROCESS, 
TECHNICAL CBANGF. AND BAC'l'BRIAL LEACHING 

'nlroughout this :'4Per the t.acterial leaching of copper minerals will be 

con~idered in the overal! context of the copper ?roduc~ion prOC"ess. This is 

because, in any ?articular process route of metai extraction, bacterial 

leaching will constitute only one of 3 nuaber of interrelated stages. 

In this chapter, bacterial leaching and the factors affect~ng its 

industrial application ate discussed under the following headings1 the copper 

production process and current trends in its developmentJ the potential of 

bacterial leaching for the copper-producing developing countries, the 

mechanism of bacterial leachingJ and leach system design and optimization. 

Finally, an analytical technological capabilities framework is 

devel~~ed for assessing the re~ire.ments for technology development in the 

area of bacterial leaching. 

The information reviewed in this chapter will also provide essential 

background material for analysing the Andean Pact Copper Project, and will 

indicate the basic factors which require consid~ration in bacterial leaching 

operations and the preliminary stages of related policymaking. 

1.1 The copper production process and 
current trends in its development 

1.1.l Geology of ore deposits 

The copper production process is essentially related to the geological 

nature of the ores to be mined. Ores, or reserves, are mineral deposits where 

the met~l-bearing minerals are sufficiently concentrated to be economically 

extracted given current mining and processin1 costs and metal prices. 

I 

' 
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The types of copper deposits, ard their grades, tonnages and minerai 

compositions are a function of particular ore-forming geological processes. 

It is these, along with economic an<l social factors, which determine costs of 

production, process route specifications, nature and sophistication of 

technology, labou:· requirements and leveJ..s of expertise. 

Copper-bearing minerals are divided into two main groups according to 

chemical composition. The sulphide group constitutes 90 per cent of known 

copper reserves, and the oxide g~oup the remaining 10 per cent. Copper 

mineral deposits ar~ classified according to three main types - porphyry, 

stratahound and massive sulphide. They constitute rcughly 50-55 per cent, 

30-35 per cent and 10 per cent respectively of the world's total mined copper 

(about 8 m cubic tons).!/ 

(1) Porphvry deposits 

These form huge discontinuous belts of dissemi~ated mineralization and 

are usually composed of sulphides like pyrite, chalcopyrite, covellite, 

bornite, arsenopyrite and 1nolybdenite in an igneol~S host rock. Most have 

gradational boundaries so that the zones surrounding them are sub-economic or 

•protore•. Protore may become ore if the price of metal increas~s or if 

technical change reduces the cost of extraction enough to make mining and 

recovery economically vi3ble. This ~ay be one consequence of the application, 

and optimization of bacterial leaching technology to marginal ore. 

Furthermore, what constitutes recoverable copper may depend in part upon the 

by-products associated with it in the ore body. Porphyries are commonly 

associated with gold, silver, molybdenum and nickel. Similarly, a cooper 

deposit may be considered unviable if it is •dirty•, i.e. if it is associated 

with pollutant minerals like arsenopyrite and bismuth which either give off 

pollutant gases or require expensive inputs of chemicals to neutralize them at 

the smelting stage. The importance of these points will become clearer in the 

discussion of bacterial leaching, s ir1ce this process is most conunonly applied 

to complex sulphides from porphyry deposits which are too low grade or dirty 

to be treated by conventional concentrating and smelting methods. 
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The grades and tonnages of copper porphyry deposits vary. In the maiu, 

porphyry deposits typically contain: 1-2 per cent copper in 500-1,000 me~ric 

tons of ore, in Peru and ChileJ 0.4-0.8 per cent copper in 200-500 m tons of 

or~, in south-west United States of America and Mexico1 and 0.3-0.S per cent 

copper in 50-200 m tons of ore, in Papua New Guinea and canada. 

(2) Stratabound deposits 

These differ from porphyry deposits in being smaller (l-100 m tons of 

ore), of higher grade, and in having fixed boundaries. 'Ibis means that there 

may be smaller tonnages of marginal ore available for bacterial leaching. 

Most are located in Zambia, where they contain 2-4 per cent copper in sulphide 

form, a~d in Zaire, where they contain 4-6 per cent copper mainly in oxide 

form. Co~~l~ is the economically important by-product associateJ with such 

deposits. 

(3) Massive sulphides 

These d~posits occur in veins, pods and lenses. Copper content varies 

from l· ~ per cent, and the volume of ore from several thousands to several 

million tons. The most important reserves are located in Australia, 

South Af~ica, Namibia, Cyprus, east ~nada and .• to a le~ser extent, Latin 

America. Lead and zinc are the most commonly associated by-products. Since 

~hese deposits are of relatively high grade and, being ;nore accessible, were 

some of the first types of deposits to be exploited, it is probable that there 

exist at these mine sites dumps of what was previously considered waste to 

w~ich bacterial leaching might be effectively applied. 

1.1.2 The copper production process 

The main stages of the copper production process are illustrated in 

figure I and are briefly outlined below. 

l 
I 
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Figure l 
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1.1.2.1 

At present, 55 per ~ent of the world mine production of coppe~ 

originates from open pit mines an<l 45 per cent from underground operations. 

Porphyry depcsits, due to their widespread and disseminated mineralizaticn 

characteristics, are suitable for relaHv .. 1 y low-cost, open-pit bulk mining 

m~thods. The form and location of the mineral deposit determine the amount of 

ov~rburden which has to be removed during the preproduction period in order to 

t•ncover the ore. In some large-scale open-pit mines, millions of tons of 

marginz.l ore and waste may be dumped requiring large areas of ).and, involving 

high costs of transportation and presenting pollution problems since natural 

leaching processes produce acidic effluents. 

Natural leaching of marginal ore may be enhanced through optimizing 

related bacterial and chem!cal reactions either as an ongoing operation 

alongside conventional process routes, afte1 t~e main ore body has been worked 

when ore grades have declined sufficiently to make the copper content worth 

recovering/ or, when additional capacity is required at later processing 

stages. This indicates that generally it may be advisable to prepare 

relatively higher grade dumps for this eventuality. 

The rock type and explosives methods wil::. df!termin~ how the material 

shatters during mining and thus, for example, the extent of surface area 

exposed for leaching or the amount of preliminary crushing required at the 

next stage of the copper production process. 

1.1.2.2 Metal recovery 

Ore analysis is a prerequisite to metal recovery - primarily to 

determine a cut-uff grade and consequently which material should be sent to 

the dump and which for proc~ssing1 and secondly, to determine mineralogy and 

chemical composition and thus the optimum process route for metal recovery. 

Sulphide ores are usually ~redted by pyrometallurgy (smelting), and 

oxides by hydrometallurgy tleaching). 
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1.1.2.2.l PyrOlletallurgy 

Sulphide or~s are first milled (crushed and ground), then mixed with 

reagents and concentrated by the process of flotation. The co~per particles 

adhere to the bubbles and 1110ve to the surface while waste particles sink as 

tailings. The copper ~or.centrat~ produced has a copper content of between 

12-30 per cent. 

The next stage is smelting which proceeds in three basic ~teps. 

Roasting reduces the sulphur content. Smelting then breaks down the 

~rystalline structure of the minerals by an oxidation process. This prod~ces 

e copper aatte (containing up to 40 per cent copper) which, in its molten 

form, ia converted and separated into blister copper (which is between 

97-99 per cent pure) and an iron-silicate slag (which may be worth 

reprocessing). 

Since blister copper is too impure for most industrial applications, 

refining is necessa1:y. This is usually carried out by a fire process (using 

a reverberatory furnace) if the feed has a low by-product content, or by 

electrolysis. The resulting cathode& a..:e sold directly to the 

semifabcicators, or cast into shapes like the wire bar. At the 

semifabricatinq stage refined c:>pper is worked into forms like sheets, strips, 

tubes and wire for subsequent manufacture into copper-bearing goods. 

1.1.2.2.2 Hydr011etallurgy and bacterial leachil'.!9 

Copper ores containing oxide minerals are usually treated by leaching. 

'nle minerals, usually insoluble in w.ster, are treated to form a solution 

containing tla.'.l metals to be recovered. The ore is first crushed und then 

deposited in vata' acid, normally sulphuric, is percolated through the 

mixture. Then, depending on the recovery process route followed, cement 

copper can be produced by precipitating the copper from the leach solution 

onto scrap iron, or electrovon cathodes can be produced by electroplating 

copper cathodes directly from the leach solution. Smelting is usually 

nec .. eary only i~ the production of ceaent copper. An alternative procefts 

route, using ion-exchange resins, pei-.its the production of high quality 

cathodes pure enough for wire production without further refining. 

l 



- 14 -

Less commonly, at least at present, some sulphide minerals may be 

recovered by hydrometallurgical methods. Bacterial leaching is usually 

employed to extract copper from dumps, but has 3lso been employed in heap and 

in situ systems (se~ 2 and 3 below). Bacterial, chloride, ammoni~ and cyanide 

solutions also have been tried in experimental confined systems in the United 

States and Canada. The four main methods of bacterial leaching are bciefly 

outlined below in or.der to locate them in the copper production process. 

Details of the mechanism at work and of actual plant design are given in 

sections 1.3 and 1.4. 

(1) Dump leaching 

This is the most common type of leaching system. Dumps contain waste 

material considered al the time of mining uneconomic for metal recovery. 

Waste rock, the grade of which depends on the geology and age of the mine, is 

normally uncrushed and the dump bases unprepared for leaching. 

With time rain water, or more commonly acified mine water, percolates 

through the dumps and, due to a combination of chemical and biological 

reactions, gradual!~ leaches out the contained mineral content. Dissolved 

copper ions are thus suspended in a ferric sulphate and sulphuric acid 

effluent which emerges at the base. This is often allowed tu enter drainage 

systems and since the pH is generally less than 2.5 it forms a dangerous 

pollutant. However, the copper ions can be recovered from the effluent 

enabling the recuperation of the metal and in the process returning the ferric 

ions back to their less pollutant ferrous state. The barren solution can then 

be recruited over the dumps. 

It was probably at the Rio Tinto mines in Spain where copper was first 

. 11 d 1 1 . h' ~ Co . commercia y recovere on a arge sea e ln t is way. ncessions were 

granted for the recovery of copper from acid mine waters as early as 1670, and 

from leach liquors from 1752. 

The role of microorganisms in the leaching process was not recogni~ed 

until the main bacterium involved - T. ferrooxidans - was discovered anJ 

characterized in the late 1940s ]/ and the Kennecott Copper Corporation 

began researching the process in the 1960s_ 

l 
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Most modern dump leaching operations are on a very large scale 

containing many thousands of tons of rock. Some characteristics of th~ 

world's major conunercial operations are presented in annex I. 

(2) Heap leaching 

Heaps can be distinguished from dumps because they are constructed 

intentionally for leaching. For example, they may be placed on impervious 

pads, or designed in a form to ensure maximum aeration. The ore may also be 

crushed to ensure efficient contact between the solution and sulphide 

particles. Heaps are usually composed of marginal ore containing a mineral 

content too low or too dirty to be smelted and too high to be discarded as 

waste. Defined in this way, the Cananea marginal ore finger heap system in 

northern Mexico is probably the only large-scale industrial operation of this 

type in the world. ~ 

(3) In situ leaching 

An in situ leaching system is an ore body leached in place, usually 

after preparation by blast~.r.g to shatter rock and make the mir,eral ~urfaces 

accessible. Leach solution is either percclated down from the surface or 

pumped under pressure into urill holes. •pregnant9 solution may be recovered 

from adjacent holes or from horizontal drives underlying the ore body. In 

some situations the natural leaching process may be so far advanced that 

copper ions are simply recovered directly from the emanating acified mine 

water. Examples of industrial_ opE.rations of this type include Old Reliable in 

Arizona, United States, Cananea in Mexico, Kosaka Mine in Jap~n, Cerro de 

Pasco in Peru and El Teniente in Chile. (See also annex I.) 

(4) Vat or confined system leaching 

Bacterial leaching may also be carried cut through the percolation or 

agitation of material, depending on ~hether the ore is ground or crushed, in 

vats or reactors. Higher grade ores and concentrates may be leached 

eff a.:tively in this way since conditions cun be rr.ore readily controlled to 
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optimize the proceaa. Again the aetal-laden solution can be recycled to allow 

the concentration to build up to a level suitable for solvent extraction. As 

yet this process has only reached the reactor and pilot plant stage and there 

is a danger that high concentrations of ions in a solution inhibit bacterial 

activity. However this process aay becolle increasingly iaportant in the 

future particularly if genetic engineering plays a larger role in bacterial 

lear.hing. 

1.1.2.2.3 Solvent extraction 

Solvent extraction is an increasingly popular hydroaetallurgical •ethod 

for metal recovery, and also an a'.ternative to scrap-iron precipitation. The 

dissolved copper in large volUJ1es of pregnant acid solution (aqueous) is 

transferred to a small volume of organic (usually kerosene) solution to which 

reagent (e.g. LIX-64) has been added. The aqueous and organic phases are 

mixed and the dissolved cop~er values are transferred from the for•er to the 

latter. A settling action then separates the two phases. The aqueous is 

recycled back to the leach system, and the copper values are stripped from the 

organic to provide the feed for electrolytic refi~ing. The solvent extraction 

process is both continuous and self-regulating. 

A diagram of the solvent extraction flow-sheet is given in figure II. 

1.1. 3 Technical change and trends in the development of the copper 
production process 

The potential of bacterial leaching is located in the context of four 

main sets of trends which characterize the development of the world's minerals 

industry. 

Thase trends are of an economic and environ111ental nature. They are 

principally a 

(1) The depletion of reserv .. and the decline in ore grade1 

(2) Concern about environmental pollution and stricter government 

requlat1ons1 

l 
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Figure II 
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(3) Rising investment, energy and input costsJ 

(4) Low and unstable metal prices. 

Until the beginning of the twentieth century, copper ore could only be 

mined and processed economically if it contained more than 10 per cent of the 

met~l. Exploitation of deposits was therefore geographically restricted 

mainly to the locations of mas3ive sulphide bodies. Thereafter inc~eased 

industrial de~and made it necessa~ to develop methods for extracting and 

recovering copper from the higher tonnage, through lower gcade, porphyry 

deposits. In this context, mass open-pit mining methods developed in the 

Unitf'd States were introduced and the flotation technique of enhanced mineral 

concentration was developed. Since then improvements such as larger-scale 

mining operations, polymetallurgical process routes, increased mechanization 

and advanced instrumentation and process control have combined to hold down 

the real cost of producing copper in the face of a declining grade of mined 

ore and a decline in the price of copper in real terms (see tables 1 and 2). 

Date 

1840 

Table 1. The decline of average mineable grade of ore with time and 
corresponding changes in the cost of mining copper ore 

Average Cost/lb copper 
mineable grade (in 1970 dollars) 

BC (est.) 15 25 
1540 AD (est.) 8 lG 
1900 4 0.64 
1910 1. 9 C.44 
1920 1.6 0.30 
1930 1.4 0.33 
1940 1.2 0.30 
1950 0.89 0.30 
1960 0.73 0.37 
1970 0.60 0.58 
198] 0.50 

Source: Table based on data from •porphyry Copper Cast Study•, 
Open University 533PC, 1976 and reprinted from documentation publi~hed in 
1975 by the Conunittee on Mineral Resources and the Environment (COMRATE), 
National Academy of Sciences, United States. 

-
l 



-----....- ·-· 

- 19 -

Table 2. Average -::opper prices, 1950-1979 

Laternational Price Copper dollars per ton 
Indices US market 

Year (1975•100) Nominal prices Real prices 

1950 33 468 l 418 

1951 40 534 1 335 

1952 41 534 l 302 

1953 39 635 l 628 

1954 38 655 1 724 

1955 38 827 2 176 

1956 40 922 2 305 

1957 41 652 1 590 

1958 41 568 1 385 

1959 42 687 1 636 

1960 43 707 1 644 

1961 43 660 1 535 

1962 42 675 1 607 

1963 43 675 1 570 

1964 43 70~ 1 640 

1965 44 772 1 755 

1966 45 797 1 771 
1967 45 843 1 873 

1963 43 923 2 147 

1969 43 1 048 2 437 

1970 48 1 272 2 651) 

1971 52 1 134 2 181 

1972 57 1 116 1 95;:J 

1973 69 1 298 1 881 

1974 87 1 690 l 943 

1975 100 1 401 1 401 

1976 101 1 517 1 502 

1971 111 1 451 1 307 

1978 126 1 451 1 152 

1979 143 2 033 l 422 

SouLce: Precios de los Metales, a paper submitted to a seminar organized 
by the Economic Conmission for Latin America (E/CEPAL/SEM.3/R.4.), June 1982. 

By the early 1970s, it was possible to mine and process ore containing 

only 0.6 per cent copper. Current high prices for by-products like gold and 

silver mean that new mines are now being brought on stream containing 

polymineralic deposits with contained copper contents as low as 0.5 per cent. 

9acterial leaching further allows t~e extraction of the metal from deposits 

containing as little as 0./ per cent copper. This figure by itstlf however is 

slightly misleadings the feasibility of leaching su~h low grades may in part 

depend upon coexisting operations at the mine site involving the extraction 

and recovery of higher grade copper by conventional methods, that is, where 

bacterial leaching is employed as a relati~ely low-cost method of augmentlng 

mine capacity. 

I 
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The costs of operating and brinqing a mine on streaa have risen 

substantially over the last few decades. Figures presented by P.M.J. Gray 

clearly demonstrate thisa a present-day copper mine producing a concentrate 

f1om 0.6 per cent copper sulphide ore at 90 per cent recovery usinq a total of 

40kWh/tonne of ore in the •ill and paying Sc/kWh for 1?(>Wer, and USS 2/tonne of 

ore for flotation reagerts, would incur costs of USS 740/tonne of copper in 

concentrate. However, 30-40 years ago a producer might have been treating a 

2.0 per ~ent copper ore at 90 per cent recovery usinq 20 kWh/tonne of ore for 

reagents (in 1980 US$), which is equivalent to about USS 16/tonne of copper in 

concentrate. 21 These rocketinq investment and operatinq costs are forcing 

aininq management to consider new, innovative methods as well as re-exaaininq 

existinq tec!miques to maintain the economic viability of current operations. 

Technical developments over the last decade in response to these trenas 

aean that there nov exist a number of technically viable options to he 

considered during process route selection. These can be grouped into 

pyrometallurgical and hydr0111etallurgical alternatives. (A detailed survey of 

all the current process routes available is pr~ented in annex II.) 

1.1.3.1 Pyrometallurgical alternatives 

Recent innovations in pyrometallurgy include matte-making processes 

such as flash furnaces, oxygen sprinkling and electric furnace smelters, and 

continous matte-makinq and convertinq techniques. 

Reverberatory smeltinq, widely accepted until recently as the best 

process for treatinq sulphide concentrates, is nov virtually obsolete because 

of its associated environmental problems and its high energy requireaents. 

Other matte-making processes, notably flash furnaces, oxygen sprinklinq 

smelting and electric furnace smelting, have been developed and have received 

widespread and successful commercial application. They enable the containment 

and recovery of pollutant sulphurous gases from which a marketable sulphuric 

acid easily can be made. Electric furnace smelting may be very econaaical 

where a relatively low-cost electric ~er source is available. 

l 
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Conti~uou• processes, caabinin9 matte smelting and convertin9 in one 

v .. ael or a series of linked vessels, have been developed recently in order to 

reduce both energy requirements and pollution. The Moranda Pnd Mitsubishi 

proc ..... are now at the industrial plant stage ~nrl exhibit excellent 

potential for confining and concentratin9 off-gas streams. §/ 

1.1.l.2 BydrOlletallurgical a~~ernatives 

In r .. ponae to the same set of trends listed in section 1.1.3, a series 

of hydra11etallurgical techniques are either available or being developed. 

As higher grade deposits are depleted, an increasing nwnber of n£v mine 

ait .. are 10¥-9rade (0.5-1 per cent copper content) porphyries of a complex 

(i.e. aultiaineral aesellbla9es) and dirty nature. This presents a need to 

stretch further the mine capacity and to compensate for declining ore grades 

by recuperatinq resources not previously exploited like dllllps and marginal 

overburden. 

Siailarly, it is becoming necessary to recover associated by-products 

and to take out pollutant elements like arsenic and bismuth. 

ConvMttional pra~tice in metal extraction involves producing a 

concentrate of the valuable mineral, as outlined in section l.l.2,2 above. 

However, illpUre and multimineral feeds are much more expen•ive to smelt, since 

they require the addition of expensive chemicals and the •graftin9 on• of 

energy-intenaive proce~s routes to extract a•sociated by-products and 

pollutant off-gases. In contrast, with leachin9 there is no need to rellOVe 

inert gaftCjue. 

'nlu. it aay be feasible in s011e instances to eliainate physical milling 

and concentration aethcds from base aetal extraction for low grade sulphide 

aineral• - which ia one of ~he moat energy-intensive ~tagea of the copper 

production proc .. •. Y 

Of great •ignificance to the preaent discussion is the fact that a 

number of inv .. tigatione into the bacterial leaching of sulphide concentrate• 

in reactors indicat~ that in certain caaea leaching in this way may provide an 
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alternative to smel~ing (see figure III). R.O. Mc£lroy and A. Bruynesteyn 

have devised a method for the continuous leaching of chalcopyrite, bornite and 

chalcocite concentrates. They shove-i that electrowinning grade leach 

solutions could be obtained with the fo~mer (tne JDOSt ~efractory) in 50 hours, 

that gold and silver values could be recovered, and that the process was 

suitable for small-scale operations at the mine site. Using 1973 energy 

prices, they present data which indicates that the process was marginally 

competitive with conventional smelting. Negligible atmospheric c•issions, anu 

facilitated cecovery of dilute sulphuric acid suitable for leaching oxide ore, 

mill tailings and certain waste dumps, imply that confined bacterial leaching 

may form part of an economically efficient primary processing route for copper 

concentrates in the near future. !/ 

Furthermore, in th~ area of hyrometallurgy, processes for leaching 

sulphide minerals and mixed ores using chloride, cyanide and ammoniacal 

~olutions have been developed. 

Sheritt Gordan Mines, Canada, has developed a pressure leaching 

technique. It is used to treat finely ground copper sulphides in aqueous 

sulphuric acid with oxygen or air at high pressures. Copper recovery is 

slightly lower than by established pyrometallurgical processes, precious 

metals renain in the residue, and the overall economics apparently are highr 

however, the process does provide a high yield of elemental sulphur, thus 

preventing sulphurous EX>.'.lution. 

The Duval Corporation, United States, and Cyprus Mines have produced 

chloride leaching aystems, the CLEAR and Cymet processes respectively. 

Although present operating costs are apparently high, and a satisfactory metal 

recovery process (perhaps using solvent extraction technology) has to be 

found, the advantage of these chloride processes is that they are small scale, 

require less energy than their pyrometallurgical equivalents, and allow the 

recovery of sulphuric acid and precious by-products. However it remains to be 

investigated whether pollution from sulphurous gas may only be reduced at the 

cost of pollution from chemically toxic effluents as a means to evade 

regulations. Y 
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Sheritt Gordan and Anaconda have both developed ...ani.cal l~hing 

systems fur e<>r".Plex copper-containing sulphides. Amloniua aulpbate aay be 

recovered for sale, eliainating effluent pollution probl .. a. llawever, th .. • 

processes are still at the develoi:-ent stage. 

It is not realistic to conclude that one type of proceaa - either 

pyrometallurgy or hydr011etallurgy - vill d011inate becauae it i• found to be 

the minimum coat process. The geoloqical pe;:uliaritiea and g90CJraphical 

loc~tion of each aine site aean that each is a special caae wbich requir .. a 

process route to be tailored to it rather than one vhich aiaply ... ta 110re 

general requirements. 

Although ~ach mine vill have its own set of production coata, and no 

attempt is made here ~o carry out an economic analyaia, th• difference• in 

investment costs between these processes is apparently large. Recently it vaa 

reported that the investment required for a concentration a .. lter and refinery 

is usually between USS 300-800 aillion while the inveataent for a duap 

operation is generally in the range of USS 5-20 million. for a aolvent 

extraction plant an investllent of between USS 10 and 20 aillion i• 

required • .!.Q/ 

It is generally acknowledged that the operating ca.~ of bacterial 

leaching are relatively low, little energy ia required for puaping and if the 

process is working eff iclently the acidity ia self-regulatinc) and requir .. no 

additions. However, solvent extraction is more en~rgy-intenaive tban •••lting 

and, although a purer grade of copper results, in every caae a trade-off 

decision must be taken. 

SOllle recent economic statistics on the investment coata and production 

of copper for some large-scale bacterial leaching operatiOruJ are pr•aented in 

table 3 for ref@rence. In addition, in table 4, an econo111c cQ11Pari1on i• 

made of pyr0111etallur9ical and hydroaetallurgi:al alternative• for a plant 

which will be located near Santiago in Chile. However, thia data i• not 

completely reliable since neither ore grade• nor voll.11 .. are aentioned. 
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Table 3. Capital investment for soae comaer~ial bacterial 
leaching operations in tbe United States 

1. Hi•i Copper, 
Arilonaa 

2. 

3. 

4. 

s. 

Pinto Valley, 
Afh~nu 

B!9hdad, 
Arh:onas 

Pudahuel1 
New Mexico1 

Blu\itbird, 
Arizonas 

Sulphides 
Leaching in situ, sx!I EtE/ us• 6 aillion (1976) 

Sulphides 
Dmip leaching , 
ust 26 aillion us• 12 million 

Sulphides 

SX EW 
(1981) 
of which for SX 

Dump leaching, sx EW 
USS 5 million (1969) 

Oxides and sulphides 
'lbin layer leaching, sx EW 
USS 70 million (1980) 

OxiJes 
Heap leaching SX EW 
USS 2.5 million (1968) 

- 20,000 lbs/day 
- 3, 000 GPIE/ 

- 21,500 lbs/day 
6,000 GPM 

- 40,000 lbs/day 

-100,000 lbs/day 

- 40,000 lbs/day 

Sources E. Oak, Lixiviaci6n bacterial de ainerales en pilajbotadero, 
a paper presented at the International Symposium on the Current Technology of 
Copper, held at Bucarmaanga, Colombia, in December 1982. 

y SX - solvent extractions .El EW - electrowinningJ £1 GPM - gc1llons 
per minute. 

Table 4. Economic comparison of proposed alternative process routes 
for a mine near Santiago, Chile 

An~ual production of copper 
(in ton1) 

Coat of inatalled plant 
(us• aillion) 

Infraatructure (USS million) 

Capital inv•taent (USS a~.llion) 

Production coatl (cents/lb) 

Rate of return, (t) 

Sources I. Oak, ibid. 

Flotation, smelting 
and refining 

36 800 

370 

20 

390 

75 

15 

Bacterial leaching, 
solvent ~xtraction 
and electrowinning 

30 000 

100 

16 

116 

31 

45 
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It cannot be overe.aphasized that the c~st structure of installing and 

of optimizinq a bacterial leaching project is highly dependent upon the 

natural characteristics of the aine and its location. Local knowledge of 

these factors and their implications for technology development is thus 

essential. For example, the rock type will determine the necessity for 

preliminary crushing after dynamiting, the addition of extra acid or the 

special design of finger dumpsJ the hydrogeology and soil types of the 

location of the leaching operation will determine the need for prior ground 

surface preparationJ and the availability and characteristics of local min~ 

water and vibrant bacteria will ultimately determine the efficiency of 

bacterial leaching for a given mine. 

Finally a discussion of technical change in the minerals industry would 

not be complete without outlining further applications of bacterial ~eaching 

technology in mining and minera1 s processing. 

1.1.3.3 Further examples of actual and potential biotechnology 
applications in the mining and minerals processing industry 

1.1.3.3.1 Uranium leaching 

Although uranium leaching is not carried out on any great commercial 

scale, it is becoming increasingly important. '!be bacterial leaching of 

uranium is exclusively an indirect process, since no known organisms are able 

to derive energy from the oxidation of uranium oxide. T. ferrooxidans oxidize 

ferrous iron and pyrite (according to reactions [4] and (19), section 1.3.2.1) 

to produce the oxidant ferric ions, which react with reduced uraniums 

+ + [l) 

Ferric iron ore is regenerated oy the bacteria, and sulphuric acid - necessary 

to maintain the oxidized uranium in solution - is added and/or generated by 

the bacterial oxidation of pyrite. 
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Uranium is mainly recovered by bacterial leachin9 unl1~ iu sit~ 

methods, particularly in abandoned mines. ll/ Underground workings are 

sprayed with water to encourage microbial action, and the metal is solubilized 

from the rock walls of the mine. 'ftle lixiviant collects at the lowest point 

in the mine, frOlll where it can be pumped to the surface and the uranium 

recovered. Examples of such applications can be found in the Elliot Lake 

region in no~th Ontario in Canada. Prospects for further applications of 

uraniu~ leaching include deep solution mining. 'Ibis involves fracturing the 

ore body wi:.:h explosives and circulating lixiviant generated in vats of 

fermenters on the surface. A.w. Fletcher describes a joint pro)ect undertaken 

by the Kennecott Cofper Corporation and the United States Atomic Energy 

Conunission. The intention was to fracture a deep low grade copper ore body by 

a contained underground nuclear explosion prior to in situ leaching. llf 

The advantages of uranium leaching usually quoted include: no rock is 

brought to the surface, thereby eliminating risks to miners' lives and saving 

on labour costs1 no solid waste is created and liquid wastes can be minimized 

by recycling th~ leaching solutions1 and the process is ideal for applications 

involving low-grade and finely disseminated ores which cannot be economically 

treated by conventional techniques. 

There are, howP.ver, substantial disadvantages and dangers associated 

with using this method, which must be considered in any related investment 

d~ision. 

One disadvantage is that rates of extraction and recovery are difficult 

to predict and therefore investment decisions are very risky • .!1/ 

Secondly, in situ leaching of uranium has resulted also in considerable 
H/ microbial fouling. - Macroscopic growths of microorganisms h..ave been 

observed to cause plugging and the generation of gases which could produce 

airlocks in the leach system. The injection of chlorine gas, to enhance 

solution flow and remedy the problem, is expensive. Thirdly and most 

dangerous, however, is the envirolllllental pollution that can be generated by 

the seepage of acid solution cont~ining highly toxic dissolved uranium ions. 

It is very difficult to predict solution flow patterns underground, and 

contamination of ground-water zones could easily result. Deep solution mining 

and ore shattering are especially precarious1 and a detailed knowledge of the 

I 
I 
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struccure of tne metal-bearing rock and of the surrounding geological 

formations is a pr~requisite to the undertaking of such a project. su=h a 

knowledqe is often lacking in developins countries where geologic~l surveyu 

have not been carried out to the same extent and in such detail as in the 

developed ~ountries. So, while conventional uranium mining is the most 

hazardous type of mining in the world, the reduction of such activity should 

not be at the cost of pollution of local crop and water supplies. 

1.1.3.3.2 Zinc and lead sulphide leaching 

Zinc and lead sulphides often occur together in a finely disseminated 

form. Flotation methods are not able to separate the metals, and the amount 

of lead occurring in the flotation concentrate is usually too high for the 

material to be fed to zinc smelting operations. Bacterial leaching of th~ 

concentrate, however, could result in the separation of the metals by the 

formation of a soluble zinc sulphate and insoluble lead sulphate. Zinc could 

then be removed from the solution by electrowinning, while the insoluble 

residue would eventually become enriched to the extent that economic recovery 
15 1 

was possible. ~ 

1.1.3.3.3 Nickel and cobalt sulrhide leaching 

Bacterial leaching processes have also been observed in nickel and 

cobalt sulphide deposits. C.L. Brierley recently noted that over seven 

billion tons of !.ow grade nickel, with a content of 0.290 per cent, was not 

mined due to th~ inefficiencies of current extractive technologies and 

detrimental environl'lental effects. However, bacterial leaching could recover 

this material which, at current prices, is worth USS 60 billion, as well as 

some 400 lb' of associated cobalt worth USS 10 billion • .!!/ 

1.1.3.3.4 Arsenopyrite leaching 

Although very little research has been carried out tn this area, it has 

been observed that arsenic is not toxic to leachift9 bacteria. Therefore, it 

is possible that arsenopyrite may be extracted ~terially frOll saelter feeds 

thus enabling a significant reduction of arsenic pollution frOll associated 

off-gases. Thi- ia particularly relevant to the Andean countries since 

arser.opyrite is found in association with copper in porphyry sulphide zones. 

l 
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1.1.3 3.5 Bacterially-assisted gold recovery 

Gold is oft~n found diaa .. inated within the crystal lattice of pyrite. 

The bacterial dissolution of pyrite (equation (13), section 1.3.2.1) frees the 

gold, enabling it to be recovered by cyanidization. This process is bein<J 

applied in the United States and CanadaJ in Ghana, investigations into the 

possible application of this technique to the recovery of gold from local 

deposits are c11rrently being carried out and there is apparently much 

potential for its application in the Nazca region of Peru and in Bolivia, 

Coloabia and !cuador. 

1.1.3.3.6 Uetal recovery using bacteria 

Certain aicroorganis11a are able to remove useful or harmful metals from 

aolutions' althouqh there are no existing examples of the industrial 

application of these natural processes. Trace elements can be accumulated by 

bacteria fro• solutions that c~tain more of the metals than is normally 

encountered in the environment. Under these conditione, significant 

quantities of toxic metals like silver, cadmium, lead and thallium may be 

accuaulated also. Thia accUB1ulation of metals apparently may be achieved by 

intracellular uptake and binding to organism surfaces. ~ 

1.1.3.3.7 BlilCterial leaching of oil shale 

T. ferrooxidana and Desulfovibrio also can be used to leach oil shale 

in order to effect .. trix dissolution. Elemental sulphur is used as an energy 

source. However, it woul1 probably be i111practical to use such a system 

com111ercially unless sulphur could be generated by Desulfovibrio using some 

inexpensive and readily available substrate. !!/ 

1.1.3.l.8 Bacterial leaching of pyrite froa high •ulehur coal 

Apparently aixed cultures containing mainly T. ferrooxidans and 

T. thiooxidans were effective in re110ving pyritic salphur from 20 per cent 

slurries of a coaaercial grade of pulveriz~ coal. !!/ The beneficiation 

obtained ranged fr<>111 an average of 4.6 per cent total sulphur to about 1.5 per 

cent total sulphur. Current research also suggests the possibility of 

l 

. J 
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microbial removal of the organic sulphur fraction of coal. P.R. Dugan and 

W.A. Apel claim they have demonstrated the potential for commercial-scale 

desulphurization of coal operati~nsJ however, only technical data is 

presented. Since a high sulphur content is a significant constraint in coal 

development, if this process could be developed on a commercial scale the 

implications for coal-producing developing countries would be enormous. 

1.2 The implications of t~hnical change in the minerals industry for 
developing countries and the potential of bacterial leaching 

The trends affecting the minerals industry and the related technical 

changes discussed above have impc..rtant implications for developing countries. 

This is because the majority of both developed and unexploited porphyry 

deposits ace located within their boundaries. 

1.2.l Mineral reserves and planned mining projects 

According to the results of three separate surveys, world copper 

reserves are estimated to be between 450 m-500 m tons of c0ntained copper. 

Of these, the developinq countries possess n~arly 60 per cent, which is one 

and a half times their share of worlc production. Cllile possesses nearly 

20 per cent of world reserves, Zambia 7.3 per cent, Peru 6.5 per cent, 7aire 

5 per cent, Philippines 3.7 per cent and Papua New Guinea 2.8 per cent. lQ/ 

At least 75 per cent of the reserves of Chile, Zaire and Zambia are in 

mines already in operation, which suggests that as the copper deposits are 

depleted, these mines have the best potential for expanding output at less 

marginal cost to the operating enterprise and to the government for 

infrastructure. 

This figure for world reserves, however, only accounts for a small 

percentage of world cvpper resources. Resources are much more difficult to 

estimate. Recent estimates of copper resources have set a cut-off grade at 

aro11nd 0.1 per cent copper. (The cut-off grade for reserves is around 0.4 per 

cent. copper while ordinary rock contains on average 0.005 per cent copper 

content.) On this basj_s, world resources have been estima~ed to be between 

l 
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11 and 14 b tons of contained copper - the wide range obviously indicating che 

speculative nature of such estimates. Of these, 20 per cent are supposedly 

located in the United States, 15 per cent in the socialist countries and 

• i ifi i • . Chil P d h Ph· 1 · . 
21

/ s gn cant proport ons are !n e, Iran, eru an t e 1 1pp1nes. ~ 

Hovever, these figures contain a bias towards the developed countries due to 

the disproportionate geological exrloration that has taken place there. For 

example, only 5 per cent of the mineralized zone of Mexico and 10 per cent of 
22/ that of Bolivia has been explored. ~ (See also the geological map, 

figure IV below.) 

Furthermore, recent advances in geological theory, concerning plate 

tectonics and the controlling mechanisms of copper porphyry f~rmation indicate 

that predictions of old plate boundaries may lead to the discovery of new 

deposits in the near future. 
23

/ 

Obviously knowledge of resources in developing countries is essential 

since it will indicate the appropriate direction and methodology of 

exploration and technical change. These figures for resources also take on 

further significance when it is remembered that bacterial leaching at present 

can be applied to deposits of as low a grade as 0.1 per cent copper. 

Assuming the continuance of the presently rising global demand for 

copper, it is evident that the majority of new copper projects are going to be 

based in the developing countries. This trend can be identified clearly in 

the recently published figures listing new projects for which definite plans 

have been announced and which are expected to be commissioned over the next 

five to six years. 24/ Developing countries with new copper mining or 

processing projects (the majority of which are sulphide prophyries) included 

in this li£t area Algeria, Argentina, Brazil, 9urma, Burundi, Chile, 

Colombia, Ecuador, India, Indonesia, Malaysia, Mauritania, Mexico, Namibia, 

Oman, Pakistan, Panama, Papua New Guinea, Peru, Philippines, Sudan, Venezuela, 

Zamb~a and Zimbabwe. 

This implies that several countries are now selecting process routes 

for new mineral projects in the context of the economic and environmental 

trends noted above (section 1.1.2). 
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Figure IV. 
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1.2.2 'nle p0tential of ~terial leaching for developing countries 

Given the present international cliaate, planners of new minerals' 

project• will have to consider a wide ranqe of processes, which may even 

include unconventional alternatives, so that the treatment exhibiting the best 

overall econo11ies can be found. 

Within this context i~ can be argued that bacterial leaching may 

contribute to broaden the ranqe of possible process routes available in three 

aain ways. 

Fir•t, the leaching of sulphide values froa waste dumps of previous 

aining operations which worked with a higher cut-off grade, or the •flushing 

out• of old aines using in situ leaching techiques. These techniques 

recuperate •extra• aineral content and, in so doing, prevent natural pollution 

by ur.controlled acidic effl~ents. 

Secondly, the leaching of overburden from newly-developed mineral 

deposits, and of marginal ore during ongoing operations, in heaps specifically 

designed to optiaize the l~dching process for short-term economic gain. 

Thir1ly, the more novel possibility of leaching sulphide concentrates 

in confined syat ... under carefully controlled conditions. 

1.2.2.1 The p0tential of dUllP leaching 

Econoaic con•tr5inta such as high input (e.g. energy and materials) 

costs and low copper price• proaiae to lead to the adoption of new strategies 

by c011P4nies with older operations. As a mine approaches the end of its life, 

th .. e coapanie• aay turn to extracting the last remaining copper values from 

duapa of previously uneconaaic ore and from the mine itself using in situ 

leaching technique•- Such expansion would be at little marginal cost to the 

operating enterpri~e a• a whole. The ch .. ical and biological reactions are 

aelf-aufficient and only a aodHt &110unt of purchased energy would be required 

for puaping and •olida ha~jling. The copper concentrates thus recovered could 

be aent a• feed to the aaelter which, at thi• stage in the mine's life, would 

probably be running at under capacity anyway. 
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Most of the developing-country o::>pper prcducers have long mining 

histories. In mines Yhere cut-off grades have lowered over time, or where 

other minerals like silver or bismuth only were mined, there probably will 

exist dumps of currently economically viable copper ore. Older dumps, becduse 

of the unrefined ore selection techniques of the time, may contain more than 

l per cent copper. 

In many developing cocntries transnational companies have been 

operating in unstable conditions with constant threats of nationalization and 

of policy changes regarding exports and prof its. The tendency thus was to 

exploit the deposits in the most rapid and immediately cost-effective way. 

This meant treating only the high grade ore and dumping the marginal 

material. For example Anaconda and Kernecott, two companies which had 

operations in Peru and Chile, employed higher cLt-off grades in their Latin 

American operations than in their United States ones. Furthermore, they 

engaged in long-term planning at their United States mines - which are roughly 

of the same sulphide porphyry type as their Latin American ones - and 

investe<l in bacterial leaching projects for the dumps there at Butte and 

Bingham. Although it would be difficult to evaluate this empirically it is 

another indication that dumps in developing countries may now contain 

economically viable unexploited mineral wealth. 

Related to this, the organization of labour in the mines when there are 

short-term economic _~ressures may also affect the copper content of dumps. 

Mining activities are generally subdivided into morning, afternoon and evening 

shifts. Where the milling superintendent is under great economic preseure, 

and when management is not overseeing operations (as is usually the case in 

the lat~er two shifts), there is a tendency to adopt a temporarily and 

artificially ~~~h Cllt-off grade for crushing and concentrating. This means 

that the feed for smelting is of a purer and higher standard, which implies 

that the milling superintendent's job has been well done. As a consequence, 

however, waste may contain ore of a higher grade than is •officially• 

recognized (given that estimates of dump reserves are usually based on 

previous cut-off grades rather than geological evaluation). 
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T1e quality of dwap ore may also depend on the nature ot tne rocK 

type. If the ore naturally shatters into large particles and bouldeLs, then 

waste material may contain concentrations of copper which weathering has 

broken u~ ~ver time to expose leachable mineral-rich surfaces. 

l.~.2.2 The potential of heap leaching 

T~e financial requirements for mineral project investments are 

increasing and, despite nationalization of the industry in several 

copper-producing developing countries, there has inevitably developed an 

incLeased reliance on foreign investment. This has been in the form of either 

joint ven~ures or direct investment by wholly owned subsidiaries. An 

interesting recent ph£nomenon ~as been the move by the oil transnationals, 

which hold large financial surpluses, to invest in copper exploration, 

evaluation and production. This includes Standard Oil in Zaire, Amoco in 

Papua New Guinea, Shell in Peru, and Exxon in Cllile. ~ If this trend 

persists, any measure of control that was achieved by the developing countries 

through state-ownership of their copper industries may be in danger of being 

reduce<l. Loans for exploration and mine development are often conditional 

upon the participation of a specific foreign mining company (perhaps even a 

subsidiary of the firm that provided the finance or undertook the exploration) 

in the mineral project. 

It is possibl~, however, that a bacterial leaching project may 

alleviate to a certain extent the resulting dependence. For example the 

majority of new mineral deposits are porphyries. These usually require open 

pit mining and thus the removal of large tonnages of overburden. This 

overburden, which often contains economic quantities of copper sulphides due 

to the disseminat~d nature of the ore deposits and its gradual boundaries, 

could be separated into waste proper and leachable ore. At relatively little 

additional cost to the mining operation as a whole - say less than US$ 50 m in 

relation to a mining project's investment costs of Ul*ards of $1 billion -

heaps could be constructed according to the optimal conditions for the 

leaching of that ore. The remuneration subsequently obtained (after a leach 

cycle of two to three years) could be used to offset the costs of developing 

the mine proper. In the same way revenue from dump leaching a previous mine's 

waste may contribute towards the cost of a new mine. 

-1 
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J..:l.:l.3 ·me pocenu.ai oi concen\:i-s\:e iead1ir.g 

In view of the current problems facing pyroeetallurgy and the growth of 

hydrometallurqy, it is expected that confined ~acterial leaching syat ... will 

be considered an economic alternative to smelting in tne future. 

Breakth~oughs during the last six months at British ColOllbia Research CoJncil, 

indicate that in the light of current energy costs, leachir.q of copper 

concentrates may be successfully carried out on a C011111ercial seal~ at 

60-70 per cent of the cost of a similar smeltinq operation. ~ And this of 

course does not take account of the benefits associated with bacterial 

~eaching arising fr0111 its neqligible pollutant effect in contraat to other 

hydrometallurgical and pyrcaetallurgical methods. Although a weak sulphuric 

acid is produced (see section 1.3.2.1, reaction (8)), this can be reccwered 

and marketed (for example, for use in the chemical le~chinq of oxidee). 

Seepage of effluent into ground water is prevented because the system is 

closed. Obviously, in confined leaching systems far 11<>~e huaan control can be 

exerted over the parameters affecting the leach process, so the potential for 

improvinq the process is enormous. 

The majority of new projects and unexplored aineralized zones are in 

the developing countries and exploration endeavours and project development 

take decades. Therefore the possibility is very high that concentr3te 

bacteria may form a primary process route alternative in these new project&J 

especially given the advances in biotechnoloqy and the improv~ents beinq aade 

to complementary solvent extraction recovery processes. However this requires 

a certain deqree of independence and flexibility on the part of decision 

makers during the technical choice process when considering what was 

previously considered an •unconventional• alternative. 

1.2.2.4 Overview 

In spite of these arguments, there are only three industrial 

applications of bacterial leaching in developinq countries. The old .. t is at 

the state-owned mine of Cananea in northern Mexico, and the aore recent i• 

CENTROMIH's in situ and duap operation at Cerro de Pasco in Peru. Another 

dump le&ching operation is run at the Bougainville aine in Papua New Guinea. 

-1 
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!!~e'!e!'., fie!d-w0!"1r ~·~!'.ir\g 1QR2 rPvPalPd that several developinq 

countries are conzidering bacterial leaching during process route selection 

for new mineral projects. 

In Chile bacterial leaching technology development is supposedly one of 

CODELCO's most important planned investments for next year. Impressive 

projects are in progress at Chuquicamata, El Teniente and Salvador. Dispatada 

is also planning a huge heap leaching project for the marginal overburden to 

be removed during the development of its large porphyry deposit at Los 

Bronces. In Peru, bacterial leaching is planned to play an important economic 

role at Toromocho (CENTROMIN), Cerro Verde (MINERO-PERU), and Pativilca 

(Hochschild). Similar projects are being considered by Rio Tinto Zinc at 

~erro Colorado in Panama, by COMIBOL at Tasna in Bolivia and by Colombia at 

their co~per deposits at Mocoa, and by Argentina, Ecuador and India. 

Indeed, the applicatic~ of bacterial leaching may have significant 

implications for countries like India, which have large reserves of very 

low-grade copper yet not enough tonnage to make conventional processing alone 

economic. Biologically-produced cement copper could be recovered to 

supplement smelter feed, and thus make the overall operation economic. Most 

of India's reserves of 366 m tons contain only l per cent or le~s of copper. 

The National Chemistry Laboratory at Poona recently embarked upon a bacterial 

leaching project, with the aim of supplementing the indigenous production of 

61,000 tons per annum. However, no mention has been made of conunercial 

application and it appears that the project is still in its infancy. 
271 

It is very difficult to analyse exactly why bacterial leaching 

technology development has not received the attention by developing-country 

mineral producers that the above arguments suggest it deserves. Various 

explanations may be given. These include: problems of fund allocation within 

companies1 traditi0nal conservatism of mine management regarding trying 

unconventional alternativesJ es~ablished trading patterns with 

developed-country plant and equipment suppliers for conventional techniques 

and, perhaps, aggressive marketing behaviour ~y the latter in the light of the 

technical change trends observed above1 and finally the fact that virtually 

all the examples of the commercial applications of bacterial leaching 

technology are to dumps of what was previously considered waste or marginal 

ore. That is, d 11mps which are mainly located in the industrialized countries 
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(e.g. canada, the soviet union and sou~n-west United 5tdt~~;, --'-Z-L. ··---
Wll~\,,,.&l Wt;&.~ 

constructed before it was realized that parameters could be developed to 

optimize the microbial processes. So although these bacterial leaching 

operations account for more than 10 per cent of the production of United 

States copper, they qenerally have recuperation rates no higher than 40 per 

cent of the contained metal in a period of about five years. This may account 

for the widespread belief predominant in the mining industry that bacterial 

leaching is a low-cost operation with low and slow returns. The present paper 

argues against this tr~ditional view. 

In optimal conditions T. fer~oo~idans and other bacteria can accelerate 

the oxidation and dissolution of sulphide minerals (and thus the cre~tion of a 
6 

highly acidic medium), as well as acting on them directly, by up to 10 

times the rate that occurs in the presence of air alone. Thus, according to 

laboratory and pilot plant research and depe~ding on rock type and mine 

characteristics, if optimal conditions for bact~rial growth are provided, 

recuperation rates of up to 90 per cent can be obtained for industrial heaps 

in time periods of less than two years. Recovery rates of 88 per cent were 

obtained by CENTROMIN, Peru, during the Andean Pact Copper Project, at its 

semi-industrial-scale heap leaching system at Toromocho. 

The principal implication of all this is that there exists no precedent 

in the industrialized countries of optimized bacterial leaching operations on 

an industrial scale. There are no general models upon which the developing 

countries can design their leaching projects and, as a source of technology 

transfer, the potential of the industrialized countries is limited. Although, 

it should be added that throughout 1982 there was an increasingly large 

investment in applied R and D in the area of optimizing bacterial leaching of 

the main sulphide minerals in the developed countries by firms, institutes, 

universities and international technical and financial assistance 

organizations. 

Thus, it is in this context that the next two sections explore the 

mechanisms of bacterial leaching in more detailJ particularly the conditions 

controlling it and the related methods for the optimization of the process. 

l 



- 39 -

1.3 "nle mechanism of bacterial leaching 

Bacterial leaching is fundamentally a natural process. The process has 

occurred since sulphide-bearing rocks were first formed thousands of millions 

of years ago1 although it has been accelerated during more recent centuries 

through the exposure of mineral-rich material due to the mining of copper, 

iron, lead, zinc, silver, gold and coal. 

One of the most important natural cycles is the sulphur cycle 

(figure V). Within this there exists a secondary process in which the element 

is cycled solely by the action of microorganismsJ it is here that the 

bacterially-assisted oxidation of sulphur and sulphid~ minerals takes place. 
28/ 

A wide range of metals can be dissolved from their sulphide form during 

these biological reactions which may be optimized to enable economic metal 

recovery. 

The first step towards improving the efficiency of a natural process 

for economic gain is understanding the mechanisms at work. Taking this as a 

starting point, this section will discuss in turn the microorganisms, the 

associated reactions, and the factors controlling bacterial leaching. 

Constraints of space mean that only a brief account can be presented 

here. However, detailed references are given throughout the text, and these 

should be consulted alongside more general reviews. ±11 It also may be 

necessary to refer to the glossary of biological and technical terms which 

appears at the end of the present paper. 

1.3.1 Microorganisms involved in bacterial leaching 

Until the late 1970s, T. ferrooxidans was generally thought to be the 

only microorganism of significance in bacterial leaching. lQ/ However, it 

has been demonstrated recently that mixed populations of bacteria, including 

therD>philic ones, may be more instrumental than pure cultures in effective 

mineral breakdown. l!/ 
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Figure v 
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Source: I. J. Corrans, B. Harris and B. J. Ralrh, ''Bacterial leaching: an 
intronuction to its application ann a study of its mechanisms of o~eration", 
JSAIMM, March 1972, p. 222. 

l 
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:.3.1.1 Thiobacillus ferrooxidans 

This organism, discovered originally in drainage waters from a coal 

m1-ne 32/ i·s b bl th t · t t d t · 1 th t studi·ed pro a y e mos impor an an cer ain y e mos 

bacterium involved in the natural leaching process. It is motile, aerobic, 

acidophilic, non-spore forming, single-pole flagellated, chemosynthettc, 
n.1 rod-shaped, and about 0.5 x 1.0 pm in size. It is characterized by its 

ability to oxidize iron, sulphur, soluble and insoluble sulphides and 

compounds such as thiosulphate and tetrathionate. T. ferrooxidans utilizes 

energy derived from these catalytic oxidation processes for growth. Cell 

division is by binary fusion, and the ~ime depends on conditions. It utilizes 

carbon dioxide as its sole source of carbon. It requires phosphates and other 

minor trace elements for chemosynthesis, as well as a source of nitrogen 

(usually ammonium) - although one strain of T. ferrooxidans can apparently fix 

- w 20 ° f nitrogen. Its preferred temperature range is -35 C. The ability o 

T. ferrooxidans to utilize insoluble sulphide mineral~, such as pyrite, 

chalcopyrite, chalcocite and covellite, as growth substrates accounts for its 

ubiquity in natural mineral leaching systems. 

1.3.1.2 Thiobacillus th~ooxidans 

This organism is distin~uished from T. ferrooxidans by its inability to 

oxidize iron or metal sulphides under most conditions. It grows on sulphur 

and some soluble sulphur compounds. It may have a role in the oxidation of 

sulphur generated in leaching systems, which in turn may enhance the ar,tivity 

of T. ferrooxidans through the ensuing exposure of fresh sulphide surface for 

leaching. 

1.3.1.3 Leptospirillum ferrooxidans and mixed cultures of Acidophiles 

There is now evidence that in natural and contrived leaching systems 

operating at temperatures below 35°c, mineral breakdown may also be due to 

the co-operative action of distinct species, including L. ferrooxidam!_, 

T. thiooxidans, T. organoparus, and T. acidophilus, rather than excluRively to 

the action of T. ferrooxidans. For example, mixed cultures of L. ferrooxidans 

and T. organoparus have been observed to grow on and degrade both pyrite and 

chalcopyrite which neither organism alone can metabolize. 1.V 

l 

----- -- ----------~------~--~~------~~--------
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1.3.1.4 TherDDphilic thiobacilli 

Several strain of bacteria - Thiobacillus THl, TH2, TH3 and 

T. thermosulfidooxidans, isolated from thermal springs, natural leach dumps 

and test facilities - are capable of growing on pyrite and chalcopyrite 
0 36/ substrates at temperatures around 55 C. ~ 

The existence of bacteria distinct from T. ferrooxidans (as evidenced 

by different temperature optima a~d DNA compo~ition) indicates that the 

selection from mutations to thermophily in that organism is only ore of 

several areas in high temperature leachittg which should be of interest to 

industry. ]]/ 

1.3.1.5 Extreme thermophilic bacteria 

It has been demonstrated recently that several strains of spherical 

bacteria, capable of growth at temperatures up to ao0 c, lacking cell walls, 

and resembling Sulfolobus acidocaldarius, are able to leach chalcopyrite and 
0 molybdenite (a valuable porphyry n.ineral) at 60 C, apparently more 

effectively than mesophilic bacteria. ]!/ This may prove to be significant 
0 since temperatures in the interior of active leaching systems may reach 80 C 

as a result of chemical and biological reactions. 

1.3.1.6 Other bacteria 

Other thiobacilli occurring in the l~aching environment include 

T. delir.atus, T. r1Jbellus, T. thiparus, T. neapolitanus and 

T. novellus. 121 They may be beneficial in the initial stages of leaching 

through lowering the pH content from the 4-7 range to the more acid 1-4 range, 

enabling the significant leaching organisms to function. !QI 

Oxygen depletion can occur i11 leaching systems due to the high 

oxidative demands of the bacteria, and no truly anaerobic iron-oxidizing 

organisms are known to ex;_st. 4l/ However, T. ferrooxidans, T. thiooxidans 

and Sulfolobus acidocaldarius can couple t:ie oxidation of sulphur with the 

d . f . . +++) d i di . li re uct1on o ferric ions (Fa un er anaerob c con t1ons, e~ab ng 

sulphuric acid generation and sulphur removal to continue under oxygen-fr~e 

conditions. ~ 

l 
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1.3.2 The reactions of bacterial leaching 

The overall process of bacterial leaching consists of a series of 

chemical and biological reactions of which only some involve bacteria although 

all influtnce each other. It is the failure to realize this that accounts for 

the suboptimal nature of ind•Jstrial operations employing this technology since 

the scope for improving the process, through changing the living conditions 

and environment of the bacteria, is not exploited. 

Bacterially-assisted leaching is usually described in terms of indirect 

attack via ferric ions (Fe+++) and sulphuric acid, which can be generated by 
++ 

the bacterial oxidation of pyrite, soluble ferrous iron (Fe ) and elemental 

sulphur, and a direct attack by the bacteria on the metal sulphides 

h h bl . h . . . . QI h. .... themselves. Althoug t ere are pro ems wit this d1st1nct1on, w 1c·1 

can only be alluded to briefly here, the leaching reactions in each class are 

described below. 

1.3.2.l Indirect attack 

The leaching of copper sulphide minerals, unlike oxide minerals, cannot 

be completed in a sulphuric acid medium alone unless oxygen is present. The 

trivalent ferric ion however is an even more effective oxidizing agent. Since 

most copper porphyry deposits contain pyrite, the associated ferrous iron can 

be chemically oxidized to produce ferric sulphate - the active lixiviant. 

Chemically, this reaction occurs in air but is very slow. T. ferrooxidans 

bacteria, however, are able to oxidiz~ ferrous iron at a rate 106 times 

faster than this organic rate, if conditions favouring their growth exist. 

So, in the leaching environment, ferrous sulphate, produced by the 

o~idation of pyrite: 

Pe52 + 1 Cl2 + H20 -7 Fe.504 + H2S04 
2 

---

[ 2) 
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or available in the leaching circuit after the cementation of copper: 

Cu++ + Fe0 CuO + Fe++ 

is oxidized to ferric sulphate by T. ferrooxidans: 

2FeS04 + 1 02 + H2S04 
2 

the T. ferrooxidans bacteria derive energy for their growth from the 

associated electron transfer. 

[ 3] 

[4] 

The ferric sulphate then reacts with metallic sulphide minerals, leading 

to the solubilization of the metals, according to the general equation: 

MS (metal sulphides) + 2Fe3+ - · M2+ + 2Fe2+ + s0 [ 5] 

The resultant reducec iron is then reoxidized biologically by T. ferrooxidans: 

thus tietting up an icon oxidation-reduGtion cycle. 

Elemental sulphur is stable over a variety of conditions. However, 

sulphate is probably formed by some base metal sulphide oxidation~ 

as well as by the oxid~tlon, catalysed by T. ferrooxidans and/or 

T. thiooxidans, of the elemental sulphur formed in equation [5]: 

This also contributes to the active lixiviant. 

[6] 

[7] 

[8] 

l 
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This reaction is important since the sulphur produced by equation [SJ 

may form a passive layer -on the mineral surface, which might prevent further 

ferric attack unless it was removed. 

Specific equations for the oxidation, thus dissolution, of major 

sulphide minerals by ferric sulphate in order of decreasing reactivity (which 

is related to different crystal structures) include: 

Pyrite: Fe52 + Fe2(504)3 · 3FeS04 + 25° 

Chalcopyrite: CuFeS2 + 2Fe2(S04)3 ~ SFeS04 + CuS04 + 25° 

The bacteria therefore generate ferric ions which act as an oxidizing 

agent. This provides them with energy for growth and creates a suitably acid 

environment to maintain the oxidized 1i1etal species in solution. 

1.3.2.2 Direct attack 

Recent r~search suggests that bacteria can also catalyse the direct 

oxidation of metal sulphides by attacking the solid substrate. Some of this 

research is outlined below. 

(1) Different corrosion patterns and reaction curves for pyrite and 

chalcopyrite leached in acid-ferric sulphate and acid-bacterial lixiviants 

indicate enhanced leaching rates with the bacterial solution • .!!/ 

(2) Investigations have indicated that chalcocite and covellite 

substrates can be oxidized by T. ferrooxidans in the absence of iron, although 

the addition of iron to the system apparently increaseJ solubilization 
45 1 

rates. __J However the interpretation of such results requires caution, 

since the presence of even trace amounts of iron in the mineral preparations 

could invalidate results1 

---

[9] 

[10] 

[11) 

[12) 

[13) 

[14] 

(15) 
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(3) Electron microscope observa~inns show physical attachment occurs 

.-olO<" ... u .. lv ....... c11ln>drl .. nh;oc:: .. c: r;ot-hpr than to the silicate matrix. 
46

/ -------·--.s. -- ---r----- .. ----- . 

Although, whether or not direct reaction with the surface occurs, it is 

clearly advantageous for the organism to be attach€d to the surface since it 

is then proximal to the oxidizable products o:: chemical le-'lching 1 

(4) Finally, there is evidence of bacterial 0xidation of the sulphur 

moiety of mineral sulphides which contain iron, and ferrous iron itself in the 

l - d f f - - 411 
crysta structure, 1ndepen ent o err1c ions. ~ 

Specific reaction~ for major minerals include: 

Chalcocite: 2Cu2s + 502 + 2H2so4 - 4CuS04 + 2H20 (16) 

Covellite: CuS + 202 CuS0 4 
(17) 

Sphalerite: Zn.5 + 202 ZnS04 
(18) 

Pyrite: 4Fes2 + 1502 + 2H 2o 2Fe2 (S04) 3 + 2H2so4 
[19) 

Chalcopyrite: 4CuFeS 2 + 1702 + 2H
2
so 

4 
- - 4CuSO 4 + 

2Fe
2

(S0
4

)
3 

+ 2H
2
0 (20) 

Molybdenite: 2Mo.5 2 + 902 + 6Hi° - 2H 2MoO 4 + 4H 2so4 
(21] 

The importance of explaining bacterial/substrat2 interactions stems 

from the necessity to understand their metabolism as a first step towards 

devising more effective methods for the dissolution of metals. For example, 

if it were the case that bacteria did not play a direct role in dissolving 

minerals, then the two stages of ferric ion generation and mineral leaching 

could be physically separated. This would enable the former p1ocess to 

operate at elevated temperatures unsuitable for bacterial growth, for example, 

in deep in situ mine situations. 
481 

(This may be important in the leaching 

of uranite_ (U0 2), s~nce the uranyl ion released during the oxidative 
lV Vl reaction U U is one of the few metals toxic at low concentrations 

·a 49/ tu T. ferroox1 ans. ~ 
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At p~~~~t. h0w~vPr: ~he evidence s~ggests that in anv leaching system 

where iron is present a combination of •direct• (i.e. Fe
3

+ independent) and 

indirect (chemical and non-bacterial) attack can occur. The relative 

contribution of the two processes could depend on the type of minerals and 

bacteria, and the physical and chemical conditions of the leaching. SO/ 

1.3.3 Factors affecting bacterial leaching 

Bacteria are living organisms. Therefore, the efficiency with which 

copper sulphides are reacted by ferric sulphate or direct catalysis will 

depend on environmental conditions as well as physical factors. The main 

factors affecting bacterial leaching are: 

{a) Biomass yield1 

(~ pH1 

(c) Nutrients1 

(d) Oxygen and cart.on dioxideJ 

(cl Temperature1 

(f) Light1 

(g) Water potential, surface tension, wetting efficiency and pulp 
density1 

(h) Particle size and surface area1 

(i) Mineralogy1 

(j) Galvanic effects1 

(k) Metal tolerance and toxic effects1 

(1) Interactive effects of the leach ecosystem. 

Each of these will be discussed in turn. However, it must be 

emphasized first that every leach system will have its own set of 

peculiarities, in terms of mineralogy, types of organisms, solution chemistry 

etc., which will determine optimal conditions for bacteria activity io each 

situation. 
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(a) Biomass yield 

To optimize leaching rates, and therefore metal recovery from sulphide 

minerals using bacteria, physical, chemical and biological conditions must be 

created which optimize their growth. Generally, the more thiobacilli there 

are the more lixiviant is produced, and thus the faster is the rate and the 
greater the efficiency of leaching. 511 Even if leach systems are not 
innoculated, bacteria naturally present in porphyry deposits, or in the 
surrounding environment (ground, water, air), are observed to grow and 

multiply to levels suitable for sustained catalysis of the oxidation reactions. 

One set of laboratory studies indicate that the bacteria volume 

required appears to be in the range of 10
5
-108 

microorganisms per gram 
52/ 

sample. ~ While other researchers maintain that the bacteria usually find 

their own equilibrium which will depend on the c0nditions of the particular 

situation. 

(b) £!! 

Optimum pH for leaching is in the range 1.9 to 2.8. In general, 

T. ferrooxidans are unable to start growing on ferrous iron if the pH is 

greater than 3, but once growth is initiated the pH can increase to 3.4. 

However, when the pH of the solution inside the leach system rises above 3, 

ferric ions may precipitate as ferric hyrdoxide. This may interfere with 

leaching, preventing air-water contact with coated mineral surfaces. The 

coating is difficult to redissolve, and the situation may be worsened if a pH 

rise of non-gravitational and capillary water causes ferric iron precipitation 

inside the particles. At a pH below 2.0, the rat~ of metal extraction has 

been observed to fall due to the suppression of bacterial metabolism. ~ 

(c) Nutrients 

Anmonium-nitrogen (most essential), phosphorous (for the first stage of 

e~ergy metabolism), magnesium (necessary for carbon dioxide fixation), are the 

main nutrients required by the chemosynthetic bacteria. Thermophilic 

bacteria, however, seem to require organic supplements like yeast extract, 

sugar, glutathione or cysteine for growth on pyrite, chalcopyrite and 

covellite substrates. ~ 

l 
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(d) Oxygen and carbon dioxide 

The availability of oxygen is absolutely imperative for successful 

bacterial catalysis. 
551 

Since bacterial leaching involves the oxidation of 

sulphide minerals, like chalcopyrite and pyrite, the chemical composition 

dictates that large amounts of oxygen must be available at the mineral 

surface - because two molecules of oxygen are required for each molecule of 

sulphur. 
561 

Aeration is in part dependent upon interparticle pore space 

and leach system design, although air convection is naturally promoted by the 

heat generated by the oxidation of the sulphid~s present. 57/ 

Carbon dioxide availability is also essential since it provides the 

sole source of carbon for hacterial growth. The fact that carbon dioxide 

solubility is low in acid solutions may be a limiting factor on bacterial 

growth, if it falls much below levels normally found in air (0.03 per cent per 

volu.ne) • This aspect requires further research. 

(e) Temperature 

The most favourable temperature range for bacterial leaching is 

20--35°c. By raisir.g the tempei:ature to 40°c the rate of oxidation of 

ferrous iron and of sulphides by T. ferrooxidans drops sharply, and at 

45-50°c it ceases. Similarly, a temperature fall below l0°c inhibits 

reaction rates. However, recent research indicates that thermophilic bacteria 

can wor~ at temperatures in excess of 4S
0

c (see section 1.2.1). 

Temperature fluctuation may also affect leach reactions, especially in 

small systems, and freezing and thawing have been observed to reduce bacterial 

activity. 

(f) Light 

Direct sunlight has an inhibitory ~ffect on bacterial activity, 
c·a; 

although particulates and ferric iron may offer some protection. ~ 
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(g) Water potential, surface tension, wetting efficiency 
and pulp density 

Water is an essential input to the leaching process, as a carrier of 

both the oxygen and carbon dioxide required by the bacteria and the metal 

sulphates produced. However, in excess it can reduce pH. Adequate drainage 

and flow regulation are therefore required. It has been observed that 

T. ferrooxidans are able to grow and oxidize iron at water potentials (free 

energy difference between the system under study and pure water) of between 
6 * 6 -1.5 x 10 Pd and -2 x 10 Pd (-15 to -20 bars), and that some 

environments otherwise suitable for T. ferooxidans growth have water 

potentials too low for the organism. Reagents like glycerol or sodium 

chloride may be used to obtain correct water potential, though they themselves 

. h"b" .... . 1 t" w may in i it uacteria ac ion. 

Furthermore, one study showed that organic solvents left in the leach 

circuit after solvent extraction may decrease the surface tension of the leach 

liquor, and diminish the ability of T. ferrooxidans to leach chalcopyrite by 

interferring wit~ growth and nutrient uptake and discouraging attachment. GO/ 

Finally, the speed of bacterial oxidation of sulphide minerals in part 

depends on the ratio of particle volume to solution. Therefore, too much 

solid reduces space for bacterial growth and leads to particle sedimentation, 

a build up of precipitates and thus a reduced surface area for sulphide 

oxidation reactions. il/ 

(h) Particle size and surface area 

Particle size i~ considered to be one of the most important factors 

affecting bacterial leaching. 

* Pd - potential difference. 



- 51 -

In general, the smaller the particles the greater the leaching cate, 

. f . ed 62/ L bo ld f since a greater sur ace area is expos • ~ arge u ers or areas o 

unfractured rock mean that much of the mineral content is unavailable for 

leachingJ on the other hand, too small and too evenly distributed particles 
63/ 

may clog solution channels and reduce the aeration of the system. ~ It 

has also been observed that particle size of the host rock can significantly 

influence the leaching process, since gangue surface will be increased as well 

as the available sulphide mineralization. 
641 

( i) Miner al29Y 

a. Primary mineral effects 

Copper minerals can be categorized according to their resistance to 

leaching (e.g. see section 1.2.2). For example, chalcopyrite, which is a 

common porphyry sulphide mineral, is known to be the most recalcitrant. 

Leaching rates and the quality and amount of copper that can be recovered are 

therefore constrained by the original mineralogy. Gangue minerals may also 

influence leaching by exhibiting a buffering capacity, acting as a cation or 

anion absorbent and affecting water potential. 651 More serious is the 

problem of acid consumption by gangue. 

Although copper porphyries are four.d in igneous host rocks, 

acid-consuming carbonates or clays are often present. Associated reactions 

may lead to a raising of pH and concomitant problems of iron salts 

precipitation. 

b. Secondary mineral format!.Q!! 

The effect of pH on mineral precipitation and the formation of sulphur 

coatings has been discussed already. Iron, if present in high concentrations 

in solution, may precipitate causing blockage or binding of the ore particle, 

limiting leaching. 

Jarosite has also been observed to precipitate. This may also cause 

the leach solution to become depleted of cations such as potassium, sodium and 

anuaonium, all necessary for the growth of chesaoautotrophic bacteria. A 

reducing solution like sodium bisulphite may need to be passed through the 
&:6 / 

system. !!.:!.I 
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If leach systems are left dormant, copper sulphate crystals may form 

period. 

(j) Galvanic effects 

Many copper deposits are characterized by separate disseminated 

inclusions of pyrite and copper minerals. In these situations, pyrite 

normally reacts much faster than chalcopyrite. However, it has been 

demonstrated that when these two minerals are in intimate (electrical) 

contact, chalcopyrite reacts more vigorously and the pyrite is passivated and 

only copper is released into solution. 671 

(k) Metal tolerance and toxic effects 

T. ferrooxidans has a high tolerance to metals compared with most other 

microorganisms, although heavy metals tolerance varies with different strains 

of T. ferrooxidans and is related to adaptation to the environment. ~ 

Mercury, silver and uranium in their elemental form are considered to be very 

toxic to thiobacilli, and molybdenum may be inhibitoryJ although some strains 

can adapt to it. This is particularly relevant to the Andean copper porphyry 

zone in which molybdenum is found as a by-product. Local bacteria will 

probably have adapted to it and will therefore be much more likely to 

demonstrate higher leaching abilities than foreign bacteria. 

It has been noted that in the presence of metals, T. ferrooxidans 

exhibit a lag period before iron oxidation begins which has been interpreted 

as a selection phase in which only tolerant strains survive. It also seems 

that heavy metals appear less toxic in an acidic environment. This indicates 

the advantage of using local acidified mine water in the leach system. 

(1) Interactive effects of the leach ecosystem 

Only very recently has the complexity of a natural leaching environment 

been recognized. Researchers have reported that certain heterotrophs may 

destroy thiobacilli and interfere with the leaching process by plugging 

channels to solution flow, altering solution properties and coating surfaces 

preventing access for reaction. ~..!/ 

l 
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There are a variety of microbes and microflora that thrive within the 

limits of life-sustaining environmencs \pn 2-3, 

appear mutually beneficial (sec section 1.2.1). Recent research indicates a 

mutual relationship between T. ferrooxidans and acid-tolerant strains of 

nitrogen-fixing Beijerinckia lacticogenesJ the former providing organic carbon 

and the latter nitrcqen compounds. 
7
o/ 

Microbes and microflora may also play an important role in the 

weathering of rock. This would expose new surface areas for reaction and 

bl 1
. . . . d . . 1 k 711 

ena e ixiviant to intru e into partic e crac s. ~ 

The preceding discussion indicates that under certain conditions the 

microorganisms involved in bacterial leaching become less viable and oxidation 

reactions decline. This would be detectable in solution effluent since the 

percentage of contained metal would be reduc~. So, although bacterial 

leaching is a natural process its efficiency can be clearly improved either in 

its existing system or through the construction of systems according to the 

conditions considered optimal for the particular ore being treated and 

bacteria and mine water employed. 

However, even from this brief outline it will be clear that the factors 

affecting bacterial leaching are not only numerous and complex but also 

interactive and dynamic. Much of the research discussed above is in its 

* and personal co11U11unications with world experts on the subject infancy 

indicate that there is still a paucity of knowledge about the fundamental 
** controlling conditions of the leach system. 

Furthermore, the capabilities required to identify and obtain optimum 

conditions in a laboratory are much less complex and extensive than those 

required to scale up the whole leach system into an efficiently working 

commercial plant - particularly since the leach cycle is measured in years 

rather than weeKs. It is to scaling up and the associated problems involved 

in optimizing industrial operations that the discussion now turns. 

* See section 1.4.3. for further discussion of areas which 
particularly require more research. 

** For helpful comments, the author is indebted to N.W. LI'! Roux of 
warren Springs Laboratory, the Department of Industry, the United Kingdom and 
A. Bruynesteyn of the British Columbia Research Council, Canada. 

I 
I 
i 
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1.4 Leach system design and optimization 

Economically, bacterial leaching is an important method for extracting 

some metals from their ores. As noted before, more than 10 per cent of the 

copper produced in the United States is derived from this source. However, 

industrial operations such as these have been run mainly by chemical engineers 

with minimal knowledge of microbiology, while most of the microbiological 

research has been carried out in research institutes or universities by 

microbiologists with little focus on the engineering problems associated with 

industrial application. This dichotomy reveals itself in the inadequate 

treatment of leach system design and optimization in the literature, and the 

inefficiency of practical commercial leaching operations. 

E.E. Malouf, J.D. Prater and J.T. Woodcock were the first to discuss 
h ed d 1 h . ?2/ h K t C t e ne to stu y eac regimes. ~ Very soon t e enneco t opper 

Corporation took up the challenge ana became a leader in du~p leaching and 

solution mining research. '!be 1970s witnessed increasing attention being paid 

to the systematic leaching of low grade waste in the United States which, by 

1980, was accumulating in areas surrounding the open pit copper porphyry mines 

of the south west at a rate of 1 million tons daily. In fact, 60 per cent of 

the local United States copper production from leaching is obtained from 
1 h . k d b d f . . h" . 111 eac ing waste roe an over ur en rem the mines in t is region. 

Again, this illustrates the fundamental link between ~eology and mineral 

technology. 

Kennecott'~ leach dumps at Bingham Canyon, Utah (apparently the largest 

in the world) contain over 2,000 m tons of rock. 

Elsewhere in the United States, large dump operations exist in Nevada, 

Utah, Montana, Arizona and New Mexico, while heap and in situ operations are 

mainly in Arizona and Nevada. ~ Other operations outside the United 

States ure located in Australia, Bulgaria, Japan, Mexico, Portugal, Spain, the 

Soviet Union, Zambia and of course Peru. The salient characteristics cf the 

principal dump leaching operations in the world are summarized in anne:< I. 
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The vast reserves of copper in waste dumps, the low recovery rates and 

long periods of operations h~•e ueen limited by poor dump design and layoJt 

coupled with a lack of knowledge about leaching mechanisms. This is in part a 

consequence of lack of planning and preparation. It must be emphasizeJ that 

dumps leach naturally and are not necessarily constructed to facilitate the 

recovery of copper from their effluent. Only recently has it been realized 

that bacterial leaching is not simply a case of extra~ting copper from a 

natural process, but that the efficiency, and thus economic viability, of a 

leaching operation can be profoundly influenced by human intervention or, in 

other words, technical charge. This has resulted in efforts being made in the 

experimental assessment and process modelling of industrial-scale leaching 

systems although, as yet, the microbial aspects have remained largely 

unexplored. 

In this section, a typical leaching system d!sign is outlined and then, 

in the light of the discussion cf the previous section, the ways in which the 

process may be optimized will be examined. 

1.4.1 Leach system design 

Waste, or marginal ore, is usually carried the shortest possible haul 

from the open p~t to the dump site. Minimum secondary breaking is done to cut 

down costs so the dump may contain huge boulders, perhaps containing 

inaccessible minerals. Depending on how the mine is worked and the local 

t~poqraphy and geology, the dumps ~ay be large or small, on hillsides, in 

va1.leys or on gently sloping land. Material is u3ually dumped f~om the top 

edge so the dump is built as a series of thin sloping layers. Two effects of 

this are that the top few metres of successive layers are compacted by trucks 

(interfering with percolation), and there is a tendency for boulders to roll 

down the slope. In some dumps this may provide voids for aeration and 

facilitate effluent collection. For efficient solution recovery, the dump 

should be on a sloping impervious site from which the effluent can gravitate 

to one or two collecting points. 
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dL1mp, storage capacity for dump effluent and precipitation tailings, the metal 

recovery plant itself, and various pumps and solution lines. 

All materials of construction must be capable of withstanding the 

attack of warw dilute ferric and sulphuric acid solutions containing numerous 

metal ions. 

Storage tanks generally need to have capacities ranging up to 20 metric 

gallons. They ~re usually built with rock, earth or concrete and may be lined 

internally with ~luminiun~coated polyvinyl plastic sheet, hypolene, or sealed 

with Gunite, hitumen or clay. Pumps are usually made of s~acial grade 

stainless steel and pipes, which may be up to 35 cm in diameter, may be of 

steel lined with cem~nt, asbestos, fibreglass, PVC, epoxy resin OL wood. 

Preparation for the application of leach solution may involve 

bulldozing the surface to loosen it before the firs~ application, or after the 

heap has lain dormant to break up ferric hydroxide preci~itation. Solution is 

then run out along channels ard is delivered either from a branch line from 

the main distribution line, f=o~ a series of holes in a branch line, or 

through simple sprinklers. 

2 
Dump permeability, usually varieL from 1.5 kl/m per day for dumps 

older than 30 years containing slimes, to 12 kl/m2 per day for younger dumps 

not yet consolidated. The morP. acid the solution is the greater the 

permeability. 
75

/ The time taken for ~ercolation varies from a few hours 

for shallow dumps to a month for larger dumps more than 150 m high. There is 

no general rate or optimum rate for copper er.traction since rates will vary 

for each leach system. However, it may take up to a year to reach the desired 

rate of extractiu.1, and s~veral years to deplete the heap of its accessible 

copper content. If solvent extraction is to be employed, recirculation of the 

effluents mav he necessary to raise the copper content to the 111inimum L 5-2 

grams per litre required for solvent extraction. 

l 
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The solution is then collected at the base of the dump and is pumped 

(or flows by gravity) to the metal r~~r:>"'"'rv nlant. This is located at a 

convenient site for intake and discharge of water and lixiviant where, for 

example, iron can be brought in and cement copper ~,.L~----r ~...... ""rren solution 

(see section 1.3.2.1, equation (3)) is then pumped back up to the top of the 

dump and recycled through the system. 

1.4.2 ~~~i~izing the leach system 

It shou~d be clear from the discussion in section 1.3.3 that the 

optimization of the leach cycle for dumps and heaps could occur in a number of 

ways and at a number of points in a circuit outlined immediately above. Given 

that the rate of copper sulphide leaching is principally controlled by (a) the 

rate of bacterial conversion of ferrous to ferric iron, (b) the rate of 

sulphide oxidation by ferric iron and direct bacterial attack, (c) the rate of 

air convection, optimization can proceed along three interconnected paths. 

These are first, through solution managementJ secondly, through improved 

system design1 and thirdly, tnrough making adjustments to the bacterial 

population and by changing conditions to increase bacterial efficiency. 

Since the primary aim of a conunercial leaching operation is to obtain a 

maximum yield of metal from the ore in a minimum amount of time, preliminary 

geological evaluation and an assessment of ore leachability is essential. The 

diccussion will thus deal first with these two tasks. 

1.4.2.1 ~eological evaluation 

The first stag~ therefore involves making an estimation of the tonnage 

and grade of the minerals in the heap. This could be done by the technique of 

ore assaying. This involves sampling the material, digestion by sulphuric and 

nitric acid, pulverization and then analysis of metal content by atomic 

absorption and spectrometry. It is ~asier to estimate the copper content of 

heaps since the coring of the overburden can be carried out before ~ining at 

regular spatial intervals, and stringent cut-off cr:teria can te applied. 
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In the case of dumps it is difficult to devise a reliable selection and 

measuring technique since it is not economically feasible to open them up and 

their unconsolidated nature leads to sample contamination. Samples should be 

obtained from as deep ins!de the dump as possible - not just from the 

surface - since mineral of high grade is likely to be buried deepest. Assumed 

mineral c0ntents on the basis of past cut-off grades or knowledge of the grade 

of ore before mining, which is how most duaps have been assessed, is not 

suffici(:fltly reliable. This is because it is important to ascertain the exact 

perce~tage of coppe~ content before starting operations so that the leach 

cycle can be determined and a rate of economic remuneration established. If 

the copper content of the effluent declines, it is essential to be able to 

determine whether this is due to the depletion of all Qcc~ssible copper, 

blocking by fines or precipitations or to the deterioration of conditions 

favourable for bacterial activity. Unless the reasons are known an informed 

decision cannot be taken as to whether or not the operation should be 

terminated er the leaching parameters corrected. 

1.4.2.2 Assessing leachability of the ore 

The next stage involves testing the leachability of the ores. 

A. Bruynesteyn and D.W. Duncan suggest a two-phase evaluation 

progra".'IJ!le. ~ It consists of an inexpensive and rapid shakeflask test 

followed by more extensive column tests to study the feasibility and optimum 

conditions for the proposed commercial leaching system. First, small 

quantities of a representative sample are finely ground and leached under. 

ideal conditions. Results show in one to two weeks. By comparing the rate 

and extent of extraction obtained with those of other mineral samples with 

known commercial characteristics, a decision can be made about moving on to 

the second phase. Obviously, if little or no extraction is achieved or if 

acid consumption is excessive, economic extraction in commercial heaps 

consisting of larger particles would not be feasible. 

Samples exhibiting promising leaching characteristics may then be 

subjected to column tests. These are designed to clos~ly resemble the 

propos~ commercial operational conditions (see figure VII). The carrying out 

of these tests requires close co-operation with the technical operations 

division of the ~ine. A. Bruynesteyn and o.w. Duncan describe the desigr. of 

leach columns of 1-2 tonne capacity. Each column is equipped with a small can 

precipitation plant, so that diesolvad copper can be ret:overed and exchanged 

l 
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or ferrous iron. The barren solution from the precipitation ~lant i~ ~h~~ 

recycled to the top of the column, thus simulating commercial conditions. By 

frequently sampling and assaying small amounts of the percolating leach 

solutions at 3 m depth intervals, it is possible to analyse changes in the 

leach solution as it percolates down through the ore, and changes i~ the 

solution and particle characteristics over time. This will yield important 

data which can be used to optimize the conunercial leaching operation and 

inform manage•ent on the economics of potential industrial application. For 

example, column leaching may reveal tendencies of fines formation, 

acid-cc~.suming gangue or the existence of previously unrecognized galvanic 

effects which may markedly enhance the proce~g•s economic prospects. 

Furthermore, at this stage it is possible to analyse the effl 11ent solutions to 

determine the extent to which other minerals have been taken into solution. 

Methods of metal separation and recovery may then be devised since the 

economic viability of the overall process may depend on the recovery of 

by-products such as gold or cobalt (see figure VIII). 

Finally when evaluating the leachability of a given ore an important 

step is evaluating the microbiological characteristics of the ore and its 

environment. This, however, is neither mentioned in Bruynesteyn and Duncan's 

progranunes n0r usually carried out during the process route selection stage. 

This would involve collecting mine water samples from either the mine itself 

or the dumps and analysing their biological and chemical characteristics in 

their natural state. This requires identifying and counting the bacteria 
3+ . 

present and determining pH and Fe and toxic metals content - all of which 

would be indicators of the extent to which bact~rial leaching could be 

expected to take place. Such testing must be carried out at the mine site 

since the biological characteristics of the mine water change with 

transportation, particularly if there are temperature and altitude ditferences 

involved. 

After this, optimization can then proceed along the three 

interconnected paths mentioned above. Each of these will be discussed in turn. 

l 
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For a specific leaching operation, solution management may involve 

working on process optima such as lixiviant application rate and mode, 

onfluent pH and ion concentration, percolation rate and wetting efficiency. 

Oxygen is brought to the mineral surface by diffusional processes. It 

is therefore necessary to maintain the thinnest possible water layer around 

the mineral particles in order to create the least diffusional barrier for the 
77/ transport of the oxygen. --

Although it is difficult to create these conditions in the heap or dump 

situation, leaching has been observed to proceed fastest while the system is 

dormant and minimal amounts of gravitational water are prese~t. The extent of 

this •rest period• before wetting should be determined by the rate of 

evaporation and the associated concentration of salts observed in the 

remaining liquid phase around the particles. 

This wetting should be considered a washing cycle to remove the metal 

sulphates (e.g. crystallized copper sulphate) produced during the preceding 

rest period. Some researchers also reconuaend cyclic wetting, £:111phasizing that 

the interval between solution application (dump flushes), as well as i:he 

duration of specific flushes (irrigations), should be worked out for each 

individual system. ]:EJ 

High leach rates or rates of solution application are normally not 

~fficient since they unnecessarily dilute the copper values and iron in the 

solution. However, in very large dumps or heaps, which may build up excess 

heat due to limits on heat expulsion, and high rates of solution application, 

short rest periods may result in a beneficial reduction of temperature. While 

too much cold solution may reduce temperature and cause reaction rates to 

decline. 1lJ' Empirical evidence indicates that rest periods should be 

roughly twice the duration of application, and that the application should not 

exceed more than one week, 48-96 hours appearing to be the optimum. J!Q/ 

This procedure of cyclic wetting may be only feasible, however, when the total 

sulphide content of the ore is sufficent to allow biological acid production 

to exceed the acid consumption of the gangue1 otherwise, the pH of the liquid 

phase will rise, causing the formation of insoluble ferric hydroxide (see 

section 1.3.3 (b)) • .!!/ 
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As r~ards the optimum water cocposition. research indicates that 

acidified fresh water is not suitable for leaching. To initiate leaching, it 

is necessary to obtain bacterial levels of about 10
4 

- 10
5 

cells/cc, as 

well as iron (mainly Fe2
+) in solution to levels of approximately 

0.4q/l. 821 In practice this also limits pH to below about 2.6, which is 

within the optimum range for bacterial catalysis and which also discourages 

iron hydroxide or jarosite precipitation. It is therefore advantageous to 

begin the leaching of a new regime with tailings or mine waters or other leach 

lixiviants which ~nform to these figures - especially since the local 

leaching bacteria w:11 be adapted to the dissolved mineral composition of the 

mine water which will make them more resistant in their new leaching 

environment. Furthermore, given the inhibitory effect on bacterial activity 

cf light [1.3.3.(f)], it may be beneficial to apply solutions during the night 

and to ensure solution storage tanks and redistribution systems are kept in 

obscurity. 

As was emphasized in section 1.3.3 the pH-controlled iron salt 

precipitates exert a high degree of control over the efficiency of the 

leaching process. However, it is difficult to change pH in the fully 

scaled-up situationJ it is expensive to add sulphuric acid, and it is 

practic~lly impossible to break up precipitations deep inside the system. 

A major requirement then in any leach operation is constant control over 

solution characteristics like pH and bacterial volume which requires a sort of 

•preventive maintenance• approach rather than a •trouble-shooting• one. 

Therefore, a mobile laboratory and technical team at the mine site may be 

vital to the optimal functioning of the leaching system. 

1.4.2.4 Optimizing system design 

In most practical applications of leaching, oxygen availability is on~ 

of the critical parameters of the leaching process. The method of leach 

solution application to the surface of the dump, the amount of fines present 

or extent of precipitates, particle size and compactness, as well as overall 

system height and shape, influence the amounc of oxygen which is able to 

penetrate into the dump. 

l 
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Solution should be sprayed onto ~he neap so that each d~upl~t will u(dw 

oxygen down with it as it begins percolating through the heap. 

Many leach dumps, by virtue of their mode of construction, contain 

numerous layers of fines, either in horizontal planes or at 39° angles. 

Such layers apparently filter out further fines from the percolating leach 

solution and very quickly become impervious to both water and air. The amount 

of fines produced may be a function of the amount of extraction ootained and 

particle decrepitation. Therefore, any leach heap constructed of materials 

prone to significant fines production (this can be evaluated during c0lumn 

testing) must be kept shallow. Blasting or •dump fluffing• apparently causes 

a decrease, and not the desired increase, in permeability. 
93

/ 

The mineralogy of the ore will also place constraints on optimum heap 

design. Since a great deal of exothermic heat is generated by the oxidation 

of pyrite, it is not advisable to have too much pyrite present. Although in 

practice the selecting of material for heap construction is usually an 

unacceptable additional cost, material containing a high percentage of pyrite 

could be built into smaller heapsJ exposing as much surface area as possible 

for cooling, or extending rest (i.e. cooling) periods, could be taken into 

consideration. 

In general, increasing the size or height of a h~ap will reduce 

reaction rates by creating excessive temperatures for most bacterial 

activity. This will cause a decline in acid production, a rise in pH, and 

lead to a precipitation of iron salts (see above). Large heap volumes will 

also reduce air convection, causing reactions to starve and jarosites to 

precipitate. Taking all these factors into account, R.S. Shoemaker, R.M. 

Darrah, L.M. Cathles and W.J. Schlitt have all concluded that optimum hP.ap 

dimensions should be approximately 15 m high and 30 m wide. 841 Long, 

finger-like sections with these dimensions could be constructed. Existing 

dump cff iciency might also be improved by partitions to achieve se~tions of 

this size. However, it must be emphasized that there is no general rule, and 

each system design must be based on laboratory evaluation of the material to 

be leached and an investigation of the geography of the environment as well as 

-1 
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the microbiology. For example, high up in mountainous areas, leaching dumps 

may create a massive chimney effect, drawing cold air into the heap and 

generating huge updraughts. Indeed, oxygen ingess would probably be greater 

in winter in such areas. 

Ideally, the location of the heap should be on fairly flat or gently 

sloping ground to facilitate construction, design and effluent collection. To 

optimize recovery and reduce solution loss, the base of the heap should be 

constructed on an impervious, artificial (e.g. PVC) or geological (e.g. clay) 

layer. 

Particle size is an important constraint on leaching (see 

section l.3.3)J however, to optimize particle size and distribution for 

a particular heap is a difficult and potentially expensive operation. Rock 

type primarily determines particle size and after shattering, a de~ision has 

to be made concerning the economic trade-offs associated with further crushing 

to increase the surface area for more efficient leaching. If particles 

shatter too small then the addition of larger particles to enhance aeration 

and solution percolation must be considered. 

1.4.2.5 Bacterial populations and genetic improvements 

The third path to optimizing the leaching process involves the 

bacterial population itself. For optimal bacterial activity, oxygen must be 

suppiied to the heap, an acid pH must be maintained and excessive temperatures 

avoided. The required nutrients generally exist within the material of the 

natural leach system (that is their natural environment) anyway1 although an 

analysis should be made and absent nutrients added. 

In general, dump leaching systems currently operate with the natural 

populations of organisms already existing in the ore. These will be best 

arlapted to lhe environment1 for example, they will have developed, where 

necessary, tolerance to various locally occurring metallic substances. 

Apparently, intrcduci~~ a genetically •marked• strain of T. ferrooxidans did 

not increase leaching, although repeated inoculation of the dumps with the 

strain over two years led to 55 per cent of the detectable T. ferrooxidans 
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exhibiting the genetic marker. SS/ Oth~r researchers argue that any 

inoculation of selected strains into a natural leaching environment is 

unlikely to be successful, since the leach system would be bound to revert 

back to its natural ecosystem balance. In deep solution mining of 

disintegrated ores or in newly constructed heaps, however, it may be necessary 

and adva~tageous to inoculate the system with suitable strains if optimum 

bacterial activity is desired. 

Similarly, it may prove beneficial to inoculate unnaturally created hot 

regions with thermophilic bacteria and to employ mixed cultures (rather than 

pure ones) native to the material used. In section 1.3.1.3 the potential 

mutualism between T. ferrooxidans and the nitrogen-fixing Beijerinckia 

lacticogenes was noted. If nitrogen was being provided in this way, it would 

not be necessary to add ammonium to the leach system, which in turn would 

limit the undesirable formation of jarosite. However, it is very expensive to 

add nutrients, and each case warrants an economic trade-off to determine the 

relative benefits of such an investment. 

Nevertheless, it is possible to outline areas wh~re current research is 

in progress and where improvements to the bacterial input to leaching could be 

made in the future. These are discussed below. 

(a) Increasing the rate of the oxidation 
process of ferrous to ferric 

It was demonstrated that ferric ions, which are the main oxidizing 

agent in bacterial leaching, are regenerated by the microorganisms via the 

reoxidation of the ferrous ions produced (section 1.3.2.1, equation [6)). 

'nlis reoxidation process is one of the rate-limiting steps of mineral 

leaching, since the ferric ions competitively inhibit the rate of ferrous ion 

oxidation. It has been shown that ferric sulphate affects the growth of 

T. ferrooxidans because of its inhibitory effect on the ferrous ion 

oxidation. It would therefore be desirable to obtain a mutant of 

T. ferrooxidans for which the oxidation step would not be repressed by ferric 

sulphate. 
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(b) Enhanced, or selective, oxidation of svecific minerals 

A much purer end-product would be created if microorganisll\5 could be 

engineered so that only specified minerals were taken into solution. 

A.M. Chakrabarty has suggested the introduction of plasmids, specifying 

resistance to metal ions such as silver, mercury, cadmium etc., to 

T. ferron~ mutants. !&.! Other tesearchers refer to the potential for 

strain improvement by the selective development of multiple metal 

tolerance. ~ Plasmids are also known which can increase the resistance of 

host cells to ultraviolet radiation. These could be introduced into 

T. ferrooxidans cells, thus protecting them from the killing action of 

ultraviolet or X-rays. 
881 

(c) Self-generation of nitrogenous nutrientR 

The advantages of the self-generation of nitrogenous nutrients was 

noted in section 1.3.l.3 and 1.3.3. Since T. ferrooxidans is a gram negative 

short rod-shaped bacterium, Chakrabarty suggests that it may be possible to 

introduce plasmids of Pl-incompatibility groups such as Rl'4 into it. 

RP4 plasmids could appa=ently be transmissible and stably maintained in 

T. ferrooxidans, and may lead to their bei~g able to fix ~itrogen. 

However, little work h&s been done to seek improvement of practical 

leaching systems by genetic manipulation of organisms. Firms apparently 

involved in such research include Imperial Chemical Industries and Biogen. 

There are many p~oblems associated with such research, inclu1ing the small 

growth yields available on ferrous iron, the difficulty of using solid 

substrates (e.g. pyrite) in genetic techniques such as replica plating, the 

difficulty in certain cases of obtaining growth of single colonies on 

solidified media and the difficulty of working with bacteria (including the 

simple action of counting them in an acid medium) • .!!2/ 

It is absolutely essential to emphasize that advances in the field of 

genetic engineering of leaching bacteria are dependent upon a detailed 

understanding of the physiology and biochemistry of the organisms involved. 

And there is still a lot of fundamental work to be done in that area, as the 

l 
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reviE'W presented in section 1.3.1 suggests. Furthermore, the bacterial 

leaching of minerals has not been given sufficient treatment, compared with 

other microbial processes, in the biotechnology literature. Usually it is 

simply wentioned by name as a possible application. Since bacterial leaching 

has not yet been located in ~he biotechnology context it may be beneficial to 

explore existing research and facilities in the area of genetic engineering 

and strain improvement of thiobacilli-iike bacteria to see to what extent 

there are common theoretical bases or research procedures. This is in fa~t 

taking place in Chile where the universities are planning an extension of 

their microbial and genetic research programmes to include leaching bacteria. 

This move is related to the fact that the country's mini~g companies, 

especially CODELCO, are developing large projects in the areas of the 

bacterial leaching of marginal ore. 

Finally, and ~his is a conuncnt which is relevant to the whole issue of 

process optimization, improving a leach system is usually ar. added cost to a 

conventional mining and mineral processing operation. The discussion above 

indicates that at every stage, beginning with the decision to carry out a 

geological evaluation and the initial dumping, an economic decision has to be 

made concerning the trade-offs between the economic remuneration likely to 

result from recovering the contained copper, and the cost of designing the 

process route in order to do this in the most efficient way possible. Such 

trade-offs are obviously affected by the tonnage of copper likely to be 

recovered, the length of the req~ired leaching cycle and the overall economics 

of the whole mining and mineral processing operation. Therefore, a 

prerequisite to the expenditure of any funds on the design and development of 

an industrial leaching process should be laboratory evaluation and scale tests 

to assess the leachability of the m~terial and its likely behaviour under 

commercial conditions. While such evaluations can be carried out by the firm, 

including the preliminary microbial analyses, a ba~teria optimization and 

genetic engineering programme is beyond the scope of the sphere of a national 

mining company's operations. This implies an increasing role for the national 

research institutes and universities. 

The importance of building up local centres of expertise rather than 

relying on foreign centres is related to the necessity to use bacteria and 

mine water from the mine site of application (since the main requirements of 

l 
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bacteria for growth will be best fulfilled ~y their indigenous environment and 

they will be well adapted to the elements and nutr,;,.ents disl'iolved in the local 

mine water), the constraints on sample transportation, and the necessity to 

refer back continuously to the site of origin and application during ongoing 

research. This trend of localization is evident in both the Peruvian and 

Chilean cases of technology development in th£ area of bacterial leaching. 

Currently, then, the main ways in which a bacterial leaching operation 

can be improved are thro~gh adequate solution ~a~agement and careful system 

design. This ensures a high rate of aeration, the maintenance of highly 

acidic conditions a~d the frequent percolation of lixiviant over as much 

~ulphide surface area as ~~ssibl~. This in turn enables the microo~ganisms 

indigenous to the particular leaching environment to assist and stimulate 

oxidation reactions an~ chus to maximize the amount of metal taken into 

solution and minimize the time required to do so. 

Microbiological optimization is currently achieved only in a limited 

way and essentially indirectly. This is considered to be due to tt.e f~ilure 

to recJgnize the importance of the microbiological components of the leaching 

process; arid is related to the fact that most commercial operat,;,.ons are large 

dump systems which do not warrant rdesigning and already :1ave their own 

vibrant populations of bacteria. However until independent efforts are made 

to accelerate the bacterial activity, and systems are designed with this as a 

guiding objective, the operation of any leach system will probably be 

sub-optimal. 

1.4.3 Areas requiring further research 

In conclusion, it is evident from the discussion in both sections 1.3 

and 1.4 that further research, engineering work and information diffusion is 

nf"Cessary before the economic viability of the widespread applicatior. of 

bacterial leaching can be determined. The areas which require more ctudy are 

listed for reference below: 

(a) The fundamental biology of the main leaching organis111S and their 
role in catalysing oxidation reactions, in particular, the extent to which 
mineral sulphides can be directly attacked by bacteria1 

l 
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(b) The extent to which enhanced strain or genetic engineering can 
improve leaching organisms and can be successfully applied in commercial 
systems1 

(c) The relative importance and interactive effects of mixed cult~res 
of microorganisms on the leaching process1 in particular, the potential 
contribution that can be made by high temperature bacteria1 

(d) Natural bacteri~ behaviour patterns in laLge leaching systems like 
heaps, dumps and old mine workings1 

{e) The controlling influence of initial mineralogy, and related 
possibilities for adding material to the systern1 

{f) ~econdary mineralization effects1 in particular, the factors 
controlling their development, their impact on metal leaching over time, and 
their dissolution where required1 

(g) Metal tolerance and galvanic effects1 in particular, ways by which 
the galvanic effect between pyritt and chalcopyrite can be used advantageously 
in leaching systems1 

{h) Scaling laws and guidelines to investigate size controlling 
P.ffects1 

(i) The development of a data base and computer modelling1 

(j} Improved system design, primarily to enhance oxygen supply and 
solution and air dispersion within the leach regime1 

(k) Cheaper, more efficient and locall} supplied construction 
materials1 

(1) Finally, and totally ignored in the literature, the 
identification, interpretatio::1 and resolution of problems occurring in 
industrial leaching operations, and the capabilities required to optimize the 
ongoing prvcess. 

1.5 The technological capabilities required for bacterial leaching 
technology development 

Ha~ing outlined the factors controlling the bacterial leaching 

mechanism and the ways in which the process may be o~timized1 and since the 

potential for the application of bacterial leaching in developing countries 

was considered poaitive, ::.~ a c~nclusion to this chapter, a scheme is 

developed which sets out the basic requirements for technology development in 

this area. The scheme takes account of the factors controlling the bacterial 

leaching mechanisms and the ways in which the process may be optimized. 
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This scheme consi3ts of the categories of technological capabilities 

which are required to design and implement a process of endogenous technical 

change in the araa of bacterial leaching. The term endogenous technical 

change is employed here to mean technical change designed, implemented and 

controlled from wichin the countries concerned - which is not to imply that 

foreign technology-related inputs (including experts) do not play an important 

role. 

The scheme presented focuses primarily or bacterial leaching heap 

systems, that is, a system which can be optimized since it is developed 

purposefully for leaching. While the scheme is obviously applicable to dump 

leaching systems it would require more detail on reactor design and initial 

flotation processes if it were to be extended to include concentrate 

leaching. Similarly the scheme could be extended to include recuperation 

processes - particularly solvent extraction and electrowinning and also 

techniques for the recovery ·~f preciouE metals, for example, silver or gold 

from effluent solutions. 

No cost data is given for two reasons. Fitstly, the difficulty of 

obtaining standardized prices for equipment and laboratory instruments1 

secondly, each mine and mineral development project will have its own cost 

structure (Bee section 1.2.2). For example, the cost of drilling, sampling: 

mining, tran~porting and dumping will all be directly related to the 

geological and mineralogical characteristics of each mine site, as well as the 

size of the mine and the nature of the company's overall operational 

activities. Therefore the •funds• component of the capability framework 

should be considered a guide to the fundamental elements of its cost structure 

to be determined individually for each particular project rather than the 

actual costs that could be expected to occur in bacterial leaching technology 

development. 

l 
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1.5.l Methodological note 

The concept of technological capability, as it is often referred to in 

the technology policy literacure, has little practical application unless it 

is specified as a capability to effect a particular type of activity and a 

component of a ptocess which needs direction and co-ordination before it can 

effect technicai change. In relation to technical change in the area of 

bacterial leaching, the capabilities required to develop, implement and 

control a technically and economically ~ff icient bacterial leaching process 

project can be categorized into four major sets of technical change 

activities. These are: {i) process route selection and the decision to 

include bacterial leaching in a mineral projectJ (ii) evalu~tion of the 

leachability of the material and the design of parameters for scale-up1 

{iii) pilot-plant testingJ (iv) designing, installing, controlling and 

optimizing a technically and economically efficient bacterial leaching project 

* For each set of activities it is possible to at the industrial scale. 

define various tasks, requirements of personnel (who will embody interrelated 

elements of knowledge, skill and experience), and requirements of techniq~es, 

facilities, equipment and funds. Finally, an overall context is outlined 

within which the technical change activities take place, setting out the 

requirements for the direction, organization and co-ordination of the process. 

* This scheme is based on the literature survey and general field-work 
research µresented in the preceding sections. However, the contribution of 
some of the technical information in documents from the Andean Pact Copper 
Project should also be acknowledged. This source material is listed in full 
in annex IV of the present paper. 
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1.5.2. A technological capabilities scheme for bacterial leaching 
technology development 

A. ACTIVITY: Choice - process route selection and the decision to include 
bacterial leaching in a mineral project 

TASKS 

PERSONNEL: 

Estimating tonnage, grade and characteristics .of the mineral 
deposit, particularly of the material that can be leached and 
precious metals which can be recovered. 

Study of the market for end-products e.g. cement copper, copper 
sulphate crystals, electrowon cathodes. 

~ollection of information on possible process routes and related 
technology development, particularly with respect to bacterial 
leaching, e.g. state of research in the world, centres of 
expertise, industrial applications etc. 

Initial technology and process route assessment including 
evaluation of possibility of applying bacterial leaching 
te\:hnology to dumps, heaps, tailings, in situ reserves or 
concentrates and consideration of recuperation processes. 

Informed decision to go ahead with detailed evaluation of 
leaching characteristics of the rocks, preliminary eagineering 
design of process routes and allocation of personnel and funds 
to the bacterial leaching project. 

Assessment of social impact of the project an1 making and 
carrying out related recommendations, particularly with respec~ 
to women workers on waste dumps and private small-scale miners 
who rely on mine water supplies. 

Knowledge: General - of current trends in world mineral 
industry, technology development, 
particularly bactPrial leaching (e.g. current 
state of the art, centres of expertise, 
industrial applications, market prospects 
etc.) 

Specific - of ore deposits e.g. detailed 
mineralogy and host rock characteristics1 
mineral concentration and tonnage, geology of 
region and mine and plant site, including 
hydrogeological characteristics (mine water, 
fresh water, permeability of base rock and 
nature of water table) of where mineral-rich 
waste has been dumpedJ of organization of 
labour at mine site and existing patterns of 
resource (e.g. dumps, mine water) use, of 
implications of all these factors for 
applying bacterial ~eaching at the chosen 
mine site. 

l 
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Skill inputs: Combined - geologist, mineralogist, 
hydrogeologist, metallurgist, miner, m1n1ng 
engineer, chemical engineer, bacterial 
leaching expert \an international expert 
~ould be contracted at this stage), 
management and technical support - at this 
stage, until the requisite skills have been 
built up locally. 

Experience: In evaluation procedures for hard rock, 
tailings and dumps, in interpreting 
geological evaluations1 in botn production 
and decision making for process route 
selection1 in industrial operations of 
bacterial leachingJ in working as a team. 

Geological 
evaluation: Dynamiting, drilling1 representative sampling. 

Ore analysis and assaying. 

Mineral characterization. 

Data interpretation. 

Literature search. 

Technology search. 

Market study. 

Access to mine site. 

Laboratory: mobile is preferable and as close to mine site 
as possible. 

Information storage and retrieval systems includin~ 
well-stocked anj organized library. ~ 

Contacts and efficient communication systems with foreign 
experts, institutions and firms and other divisions within 
the firm. 

Mine Site: Items: Drills Estimated US$ 
AND FUNDS Churn drill 

Cyclone ddll 
Air plane drill 
Wooden shaft blocks 

Activity: Drilling pet metre in: 
Hard rock 
Soft rock 
Dumps 

~ Relevant books and journals could be listed. 

£1 Costs will ultimately depend on the geological characteristics of 
the mine site ai:s well as the particular technique, equipment and instruments. 
chosen. 

•, 
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Items: 
Pulverizer 
Titrator 
Balances 

Crusher 

Atomic spectrometer 
Mineralogical microscope 
Glassware 
Accessories 

Chemical analysis 
Mineralogical analysis 

Items: Library and information 
(relating only to bacteria! 
leaching) 

Book budget for year 
journal subscriptions for year 

Salaries of production and 
laboratory staff 

Short-term contract of bacterial 
leaching expert 

A multidisciplinary team working together in close and 
continuous co-operation with both production personnel, 
research staff and management. The co-ordinator of the 
team should be a person open to new ideas and have the 
ability to: 

Obtain the support of management for these ideasJ 
Obtain and maintain support of work~ng team and 
co-ordinate the activities of bacterial leaching 
experts, metallurgists and mining engineersJ 
Choose foreign experts and know at what stage to contact 
them and what information can be obtainedJ 
Persuade the foreign engineering team carrying out the 
prefeasibility study for the mineral project both to 
consider the possibility of bacterial leaching and 
accept the participation of the local team in the 
project. 

B. ACTIVITY: Eval~ation of the leachability of the ore and the design of 
parameters for scale-up 

TASKS: ~/ Mine water: 

Collection and 
analysis: 

Location of origin and drainagE" patterns of 
mine wateri 

Selective s~mpling at various sitesJ 

y Detailed procedures for these tasks can be set out in the scheme. 
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Chemical analysis for ~ajor elements (e.g. 
copper, ferric iron etc.} and pH testingJ 

Analysis of biological characteristics and 
identification of leaching bacteriaJ 

Decision to proceed to evaluation of leachability of ore. 

Bacterial cultivation and strain selection (ongoing 
research into the desirable and undesirable characteristics 
of the bacteria and leaching behaviour of the ore and 
possibilities of genetic manipulation}.~ 

Shake flask 
~I 
(duration 
of days 
or weeks}: 

Grind analysed samples (e.g. 10-30 gr. of 
400 mesh} J 

Add nutrient solution with bacteria (about 
75 ml.} J 

Adjust pH to 2 and temperature to 30-350cJ 
Agitate furiously1 
Frequent (at least daily) checking, 

registering of data and control (e.g. 
pH, Fe3+ and copper solution) 

Check sample for residual mineral values1 
Plot metal extraction as function of timeJ 

Dec~ .-;ion to proceed to column test.:.ng stage. 

Column 
tests: 
(duration 
6 months to 
3 years): 

Mineralogical analysis of ore to be leached1 
determination of copper contentJ 

Set up columns of different heights and 
diameters and fill with ore of different 
particle sizeJ 

Set up solution application, circulation, 
collection and recuperation system and 
oxygen supplyJ 

Prepare solution, begin irrigation and 
inoculate bacteria1 

Assess determinant variables e.g. initial and 
continuing acid consumption, oxygen 
availability, particle size, precipations 
and fines formation, effect of particle 
size, bacterial yield and activity etc1 

Determine copper extraction as a function of 
time and pregnant solution grade as a 
function of extraction. 

Economic evaluation of the potential demonstrated during 
column testing. 

!/ In parentheses since this is a task which is optional and may be 
carried out separately from the activity as a whole. 
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Decision to proceed to pilot plant stage. 

Interpretation o! data and continued eA-perimentation to 
determine parameters for scale up. 

Knowledge: General - of how to plan and carry out a 
R and D programme1 of how to extract 
parameters for scale up1 of the literature 
and current R and D being =arried out in 
bacterial leaching. 

Skill inputs: Mineralogist, chemist, hydrometallurgist, 
microbiologist, especially contracted 
bacterial leaching expert (either local or 
international, until the requisite skills 
have been built up locally) , design 
engineer, technicians, management, 

Experience: In carrying out bacterial leaching R and D 
or training in the procedures. In 
under~tanding exactly why or why not 
a particular ore sample leaches and why the 
bacteria in particular tests are absent or 
prolific. In working as a team. 

Standard techniques for ch~mical and microbiological 
experiments: 

Shake flask and column test procedures. 

Literature search. 

Chemical and microbiological laboratory. 

Column rvom. 

See also facilities in section A above. 

Items: Phase contrast microscope 
(with ruagnification strength 
between x400 - xlOOO) 

Fermenter 
Incubator 
Biomass analyser 
Precision balance 
Selected nutrients 
Measuring instruments (pH, oxygen, 

cu2+, Fe3~) 
Drying ove!'l 
Centrifuge apparatus 
Electrochemical apparatus 
Gyrating shaking cabinet 
Glassware and accessories 
Columns (e.g. of PVC) 
Pl~stic buckets and turbines 
Heater and thermostat 
Micropumps and flow systems 
Glassware and accessories 
D~sign engineering ~uipment 

Estimated US$ 

l 
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Mine water collection and 
analysis per sample 

Electrochemical analysis per sample 
Shake flask test per sample 
Column test per sample 
Bacterial cultivation and 

maintenance 
Design engineering 

Salaries of the team members 
Contract of bacterial leaching 

expert 
Grant(s) for university student(s) 

to work on thesis 

A multidisciplinary team working and meeting together, 
jointly interpreting findings and constantly referring back 
to the production sector (~.g. to the site of reine water 
and bacterial origin and to the material to which the 
process will be applied). 

An awdreness of current R and D in the world (including 
national research institutes and universities) relating to 
bacterial leaching and in particular advances in genetic 
manipulation of leaching bacteria. 

University students could perhaps be provided with grants 
to do thesis work of relevance to the bacterial leaching 
project. 

A well-informed d~ision making capability within the team 
organized by its co-ordinator. 

Pilot plant testing 

Design and implementation of pilot plant heap and 
recuperation plant according to the parameters developed 
(or to the dump already existing) and the design of further 
parameters for scale up to the industrial plant. 

Consideration of parameters developed and informed planning 
of pilot plant project (e.g. organization of tasks and 
personnel). 

Choice and location of plant site. 

Detailed design and process engineering of pilot plant and 
preparation of infrastructure. 

Selection of equipment and negotiation of technology 
transfer. 

Preparation of ground. 

Mininq of ore (and preliminary crushing if necessary). 

l 
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Transportation of ore. 

Distribution of ore and heap(s) construction. 

Installation of equipment and preparation of leach solution. 

Start up - solution application. 

Inoculation of bacteria. 

Standard control checks (pH, grade and composition of 
pregnant solution, bacterial yield etc.) and adjustments. 

Tests ~o optimize: leach system design, solution 
management (including rest cycles) 3nd bacterial activity 
and yield. 

Determination of extent and rate of extraction and average 
grade of pregnant solution as a function of extraction. 

Economic evaluation and feasibility study of the process 
and extrapolation to provide provisional data for an 
industrial-scale operation. 

Decision to proceed to industrial plant stage. 

Interpretation of data and continued experimentation to 
determine parameters for scale up. 

Ongoing R and D laborAtory relating to optimizing bacterial 
activity and investigating leaching character~stics of the 
ore. 

Knowledge a General - of pilot plant design and 
developments ~f factors affecting scale up 
in leaching systems1 of the possibilities of 
and constraints upon optimization. 

Specific - combined knowledge of laboratory 
results, rock characteristics and 
site-specific factors affecting the 
optimization routes for the particular leach 
system planned. These factors include: 
content of soluble copper1 rate of acid 
consumption1 the characteristics and 
requirements of the microbiological 
population1 oxygen requi:ement and 
availabil'. ty, pH of leach solution1 methods 
of solut.'.on applications optimum leaching 
cates1 ferrous-ferric ratios1 effect of 
pyrites maximum height and tonr1age1 
compaction and segregation1 effect of rest 
periods. 
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Skill inputsa Hydrogeologist/geographer, soil engineer, 
geologist, microbiologist, chemical 
engineer, metallurgical engineer 
specializing in hydrpmetallurgy, miner, 
mining engineer, economist/management. 

Experience: In bacterial leaching pilot plant design and 
testing or t~aining in the proceduresJ in 
industrial-scale operations (preferably 
hytlrometallurgical)J in working as a team. 

Heap, dump or reactor leaching system1 recirculating (by 
pump) or continuous (by gravity) solution flow systemJ 
spray or submerged irrigation system1 scrap iron 
cementation or solvent extraction electrowi.nning 
recuperation syste11&. 

Mobile laboratory facilities at the pilot plant site. 

See also facilities for sections A and B above. 

Items a Design e1l9ineering materials 
Mobile laboratory with standard testing 

and control instruaents tsee sections 
A and B above) 

Ground preparation per m2 
Plastic puaps (resistant to Ph7 and 5 

grams per litre CuS04), motors 
protected against humidity (1,500 rpm 
if needed to votk at altitude), 
accessories, spare parts 

Plastic piping and irrigation system 
Collection tanks with impermeable linifl9 
Sulphuric acid 
Biological nutrients 

Estimated US$ 

Cementation pilot plant, equipment and inputs 
Solvent extraction-electrowinning pilot plant, 

equipment and inputs 

Activities a Design engineering 
Mining per cubic ton 
Crushing per cubic ton 
Transporting per cubic ton 
Heap construction per cubic ton 
Operating costsa 

Ongoing inputs bacterial 
leaching plant (energy for 
pumping) 

Ongoing inputs cementation 
plant 
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Ongoing inputs SX-EW plant 

Ongoing testing 

Repairs and maintenance 

Labour costs 

Costs of contracting 
bacterial leaching or 
solvent extraction expert 

Pilot plant should be located at the mine site as close to 
the planned industrial site as possible due to the 
environmentally sensitive optimal conditions for the local 
bacteria activity. 

The programme requires at least two full-time skilled 
personnel: one for applied R and D testing, interpreteting 
data and making ongoing improvements. The other for 
administration, co-ordination and direction of the ongoing 
operation. 

Need to ensure participation of and flow of information 
between mining engineers and metallurgists (the former 
group should be included in any related training programme). 

Active participation of team in design of parameters for 
industrial plant (e.g. fortnightly discussion meetings). 

D. ACTIVITY: Designing, installing, operating and optimizing a techrically 
and economically efficient bacterial leaching project at the 
industrial scale 

Study of pilot plant programme especiC'lly problems 
encountered and P~•ameters developed 

Choice and location of plant site 

Detailed design and process engineering of industrial plant 
and infrastructure 

Planning and organization of the project 

Selection of equipment and negotiation of technology 
transfer 

Preparation of ground (if necessary) 

Mining of ore (and preliminary crushing if necessary) 

Transportation of ore 

Distribution of ore and heap(s) construction 
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Reliable sampling and ore assaying to determine content, 
grade and characteristics of soluble copper in each heap 

Installation of t~uipment and preparation of leach solutions 

Start up - solution application 

Inoculation of ~acteria 

Standard control checks and adjustments 

Optimization of leach system design, bacterial activity and 
yield and solution management 

Ongoing related Rand D (e.g. genetic manipulation 
possibilities) 

Determination of gxtent and rate of extraction and average 
grade of pregna~t solution as a functi0n of extraction 

Onqoin~ e-::onomic and technical eval~ation of the industrial 
operation checked against results of pilot plant 
programme. Related decision to contract a bacterial 
leaching expert to advise on particular ptoblems 

Decision to set up another industrial operation using 
parameters extracted from the ongoing one 

Decision to continue with the industrial operation 

Decision to terminate operation when pregnant solution 
grade falls b~low what is considered economically viable. 

Knowledge: General - of factors affecting scale up to 
industrial plant1 of other industrial 
bacterial leaching operations in the worldJ 
of equipment ~uppliers and how to negotiate 
with themJ of market prospects for 
end-prc><hlcts. 

Specific - combined knowledge of R and D 
results, pilot plant progranune, rock 
characteristics and site-specific factors 
affecting the optimization of the industrial 
operation1 ability to know whether a fall ~n 
grade of pregnant solution indicates the 
extraction of all solubl~ copper or a 
problem which may be resolved. See also 
section C above. 

Skill in~uts: Hydrogeologist/geographer, bacterial 
leaching expert, microbiologist, chemist, 
miners, site workers and technicians, 
mining, metallurgi~al and chemical 
engin~ers, economist/manageMent. 
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Experien~: Industrial experience partir.ularly relating 
to leaching operationsJ training at an 
industrial-scale bact£rial leaching plant1 
in working as a team. 

The ::;ame as for section C above but at the industrial scale. 

Access to mining, transportation and dumping ~uipmentJ 
basic plant infrastructure and ground communications with 
mine site and mobile and centr31 laboratory. 

Items: Design engineering materials 
Mobile laboratory and instruments 
Ground preparation per m2 
Plastic pumps, motors (numbered 
~epending upon plant dimensions 
and recirculation requirements) 
accessories and spare parts 

Plastic piping and irrigation system 
Collection tanks with impermeable lining 
Sulphuric acid 
Biological nutrients 
Cementation plant, equipment and inputs 
Solver.t extraction-electrowinning plant, 

equipment ar.d inputs 

Estimated USS 

Activities: Detailed design and process engineering 
Mining per cubic ton 
Crushing per cubic ton 
Transporting per cubic ton 
Heap construction per cubic ton 
Operating costs: 

Ongoing inputs bacterial leaching plant 
(energy for pumping) 

Ongoing inputs cementation plant 

Ongoing inputs SX-EW plant 

Repair and maintenance 

Labour costs 

Costs of contracting 

Bacterial leaching or solvent extraction 

Experts for assistance or on-site training 

Financing visits to other industrial 
plant~ or conferences 
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Industrial plant: needs to be located as close to the miae 
site and pilot plant as is geographically/hydrogeologically 
feasible. 

Multldisciplinary team should i~clude personnel who have 
worked in each stage of the technology development process. 

The team needs to be in close contact with research and 
production personnel and constantly referring back to 
library and information collection facilities, ongoing 
R and D (within the firm, in other national and 
international institutions and firms) and trends in costs 
nf inputs and prices for end-products. 

Mechanisms should be developed so that ideas to improve 
production are recognized, evaluated and tested. This 
implies the project co-ordinator should be in close contact 
with all operating personnel. 

Natural changes like decline in copper cont~nt, particle 
size decrepitation, precipitations, Jilution of pH in rainy 
seasons, fall in grade of pregnant solution etc. should be 
anticipat~ and the necessary adjustments made. 

The co-ordinator should ensure th~ smooth running of all 
aspects of the operation, including relations within the 
team and between the team and mine personnel, me~allurgists 
and mar.agement. 

Mechanisms should be created which facilitate the diffusion 
of the technology to other mine sites. 
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CHAPTER II 

THE APPLICATION OF BIOTECRNOLOGY TO THE MINE~S INDUSTRY: 
THE CASE OF THE ANDEAN PACT COPPER PROJECT 

ANO SOME IMPLICATIONS FOR POLICY FOR DEVELOPING COUNTRIES 

2.1 Summary 

2.1.l The changin~echnological context of mineral development 

In the present context of low and unstable metal prices, the minerals 

industry cannot ignore economic and environmental considerations such as the 

depletion of reserves, the decline of ore grades, stricter pollution 

regulations and rising investment and energy costs. 

As easily accessible high-grade mineral concentrations are depleted, 

many mineral deposits scheduled for development are low grade and disseminated 

sulphide porphyry bodies. In the past these were mined mainly for one 

mineral, generally copper. Now it is becoming increasingly necessary to 

recover associated by-products which, depending on regional zoning. may be 

molybdenu~ and gold or lead, zinc and silver, and to extract pollutant 

eiements. Mine capacity has to be stretched further to compensate for 

declining ore grades by recuperating resources previously not exploited - like 

dumps or marginal overburden. This is leading to a clos~r relationship 

between the mineralogy of ore deposits and the techniques that can be used for 

the extr~ction ~nd recovery of associated metals. 

Corresponding technical developments in the minerals industry o~er tr.e 

last decade reveal a number of technically viable choices of process. 
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Recent innovations in pyromP.tallurgy aim at reducing energy costs and 

recovering pollutant sulphuric gas~s. These include: matte-making processes, 

such as flash furnaces1 oxy~en-sprinkling smelters and electric furnace 

smeltingJ and continuous matte-making and converting technique& like the 

Noranda and Mitsubishi process~s. 

Similarly in hydrometallurgy, ~ew processes have been developed for 

leacning sulphide minerals and mixee ores using chloride, cyanide, anunoniacal 

and bacterially-activated solutions. These tend to r~quire less purchased 

energy, and reduce investment costs and pollutant effects. Solvent extraction 

and electrowinning technology emerges as an economic alternative to 

conventional smelting and Lefining for recovering metals from these solutions. 

It is not real~stic to conclude that any one production process, or 

pyrometallurg1 or hydrometallurgy, will dominate because it costs least. An 

essential feature of the minerals incustry is that t~e geological 

characteristics and geographical location of each mine site mean that each 

requires a specially designed process, rather than one conforming to more 

general parameters. 

In the present international climate, both planners of new industrial 

pcojects and operators of existing mines must consider a wider and more 

complex range of processes to finj the optimum one exhibiting the best 

over-all economics. 

Within this changing technological context of the minerals industry, 

and in the light of foreseeable advances in biotechnology, ~he present paper 

maintains that the bacterial leaching of minerals is an ideal process for 

developing countries to exploit their mineral wealth. 

Bacterial leaching is a naturally occurring process whereby certain 

microorganisms, notably Thiobacillus ferrooxidans (!:__ferrooxidans) , 

facilitate the conversion of normally insoluble sulphide minerals, such as 

pyrite, chalcopyrite etc., into water-soluble forms, thus freeing the 

asscx:iated metal ions for subsequent recovery. The bacteria obtain the ~nergy 

they need for functioning and growth from th~ oxi1ation of inorganic compounds 
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of iron and sulphur and so accelerate the oxidation process of ferrous ions to 

ferric sulphate and sulphuric acid solutions up to 106 (one million) times 

faster than would normally occur in the presence of air alon~. Thia in turr. 

significantly speeds up the dissolution of water··soluble sulphide minerals. 

In addition, there is reliable evidence to sugg~;t that several bacteria 

strains (see section 1.3.l.3) directly attack the oxidizable parts of normally 

water-insoluble sulphide mi11erals, transformir1g and breaking them up into 

~ater-soluble forms. 

Since bacteria are living organisms, they require special conditions 

for maximum functioning and growth and thus optimum oxidation ~nd leaching 

rates. In general they require abundant oxygen, a acidic pH, specific 

nutrients and a moderate temperature while some dissolved metals, for instance 

uranium, can be toxic to certain strains. However, th~re are precise 

conditions which enable optimum bacterial activity and these are generally 

best fulfilled for each bacteria strain by its indigenous environment. 

Similarly, th~ characteristics of the leach system - its mineralogy, 

particle size, dump porosity, air updraught, temper~ture profile etc. - will 

al~o affect the efficiency of the biological reactions and thus the amount cf, 

and rate at which the contained metal can be taken into solutions. 

It is these wide-rangin1 and complex requirements and co'lditions which 

provide the scope for developing parameters to optimize the bacterial leaching 

process for economic gain. 

Three main ways in which bacterial leaching could broaden the range of 

possible process routes for mineral extraction and metal recovery were 

presented in chapter I. Th~y are: 

(1) The leaching of sulphide values from dumps of waste from previous 
mining operations which worked ·,1ith a higher cut-off gradeJ or the 
•flushing out• of old mines using in situ leaching techniques, thus 
recuperating •extra• mineral content and, in so doing, preventing 
natural pollution by uncontrolled metal-rich effluents in drainage 
water. 
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(2) The leaching of overbur~en from newly-developed mineral deposits, 
and of marginal ore during ongoing operations, in heaps $pecifically 
designed to optimize the leaching process to obtain remuneration in the 
short term and compensat'l! for undercapacity. 

(3) The more novel possibility of leaching sulphide concentrates in 
~at or confined systems under highly controlled conditions. 

It was maintained that these developments have important implications 

for mineral-producing developing countries, not least with respect to 

technical choice and decision making, since the majority of sulphide porphyry 

deposits are located within their boundaries. 

'lbree corresponding sets of reasons were discussed to explain uhy 

bacterial leaching alternatives offered much potential to developing coJntries 

in particular. 

(1) Most of the developing countries have long mining histories. So 

in mines where cut-off grades have been lowered over time, or which were minec 

for only one mineral, there probably will exist dumps of currently 

economically viabie ore. Similarly, many abandoned underground mines exist 

from which the remaining mineral values may be leached. Older dumps and 

mines, because of the unrefined ore assaying tP.Chniques and inefficient plant 

and equipment of the time, may contain up to 2 per cent copper. In the light 

of depressed markets and high investment costs there is increasing pressure on 

mining companies to stretch installed capacity rather tha~ open new mines. 

A dump or in situ bacterial leaching operation could be carried out at 

relatively low marginal cost. For example, investment costs may be between 

USS 2-5 m, depending on the mine's geological and geographical characteristics 

and the recovery techniques chosen. The chemical and biological reactions are 

self-sufficient and little purchased energy would be required for pumps and 

solids handling. The recovered copper could be sent to the smelter, which at 

this stage in the mine's life would probably be running at undercapacity, or 

if the ore's tonnage and leachabi!ity warrant it, solvent extraction could be 

undertaken. 

I 
f 
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Examples of such operatinns a::e tound a": Cer.-=o d~ Pase:> in I'eru1 i:l 

:hile, CODELCO has plans to introduce in situ leaching at El Tenien•_e and 

~!NERO-PERU plans tc .• ~l'llploy bacterial leaching to extract 1':emaining sulphidi! 

values from its exhausted oxide heaps 

{2) Many developing coutries, including Argentina, Brazil, Bolivia, 

Chile, Colombia, Ecuador, Indonesia, Panama, Papua New Guinea, the Philippines 

,md Peru, c:re now embarking upon procesi:; route selection for .1ew mineral 

projects. Sinca most of their mineral deposits are copper sulphide porphyry 

bodies, bacteri31 leaching technology could be considered in many of them. 

51Jch mineral deposits usually require open pit mining and thus the 

r~moval of large tonnages of overburden. This overburclen, which often 

contains economic ~uantities of copper sulphides due to the C.isseminated 

nature of the ore deposits and its gradual boundaries, could be separated into 

waste proper and leachable ore. at relatively little additional ccst to the 

mining operation as a whole, heaps could be constructed according to the 

optimal concHtion~ for the leaching of that ore. The investment cost would 

vary, depending on tha extent to which technical changes are required and 

considered worthwhile, but would be relatively low - say up to US~ 50 m in 

rel3tion to a mining project's total investment costs of upwaras of 

US$ 1 billior. The prof its subsequently obtained (after a leach cycle of two 

to three years) could be used to o~fset the costs of developing the mine 

it3elf ~nd help to reduce ~he burden of 10an repayments. In the same way 

revenue from dump leaching a previous mine's waste may contribute tow~rds the 

cost .-,f a new mine. Heap leaching operations of this type are being developed 

by CENTROMIN at Toromocho, Peru, and by CODELCO at Chuqui~amata, Chile. 

(3) In vie"' oi the current problems facing energy-intensive and 

pollutant pyro~e~allurgy and the growth of new options in hydrometallurgy, it 

is expected that vat or confined bacterial leaching systems may become an 

econ1mic alternative to smelting for obtaining copper concentrates in the 

future. Recent pilot plant researct. indicates that in the light of current 

energy costs, the bacterial leaching of r,opp~r concentrates may be carried out 

successfully at 60-70 per cent of the cost of a similar smelting operation, 

and associat~ precious metals like gold and silver economically recovered. 
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The majority of new projects and unexplored mineralized zones are in 

the developing countries and exploration endeavours and mine development take 

decades. Therefcre, the possibility is very high that concentrates leaching 

may form a primary proc~ss route alternative for these new projects; 

especially given foreseeable advances in biotechnology and genetic 

engineering, the higher degree of control that can be exercised over confined 

leaching systems and the improvements being made to complementary solvent 

extraction recovery techniques. 

It also was noted in the previous chapter, that bacterial leaching 

technology can be adapted to solve a range of metallurgical problems. The~e 

include the separation of lead from ~inc concentratesr of arseno9yrite from 

co~per smelter feeds and of pyrite from disseminated gold-bearing ore, thus 

freeing the gold. Again, given the changing technological context in which 

new mineral deposits will be developed, and the increesing complexity of 

process routes for individual mines as by-products and impurities require 

recc·-1ery, the development of these procP.sses may be particularly relevant for 

developing countries. For exampl~, COMIBOL's operations in the Quechisla 

region of Bolivia, have to overcome problems of copper contaminated lead and 

zinc concentratesr CENTROMIN's copper smelter at La Oroya, Peru, has to tackle 

problems of arsenic pollution, and gold occurs in association with pyrite in 

many regions of Peru, Bolivia, C.olombia and Ecuador. 

Despite the potential offered by bacterial leaching it is important to 

note that virtually all the examples of the commercial applications ~f this 

technology are to ancient dumps of what was previously consinerej waste. Most 

of these are located in the industrialized countries (e.g. Canada, the Soviet 

Union and the south-western United States). The significance of this is that 

these dumps are not operating according to parameters to optimize the leaching 

process since the microbiological component of sulphide leaching was not 

realized at the time of their construction. So, although these bacterial 

leaching operations account for over 10 per cent of the production of United 

States copper, they generally have recuperation rates of b~tween 5 per cent 

and 40 per cent of the contained metal in periods of five years or more. 
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Some characteristics of the major commercial bacterial leaching 

operations are summarized in annex I, anc typical investment costs are noted 

in table 3. These operations are generally low-cost investment projects 

embarked upon to recover extra copper values, or to reduce pollution, from 

naturally emerging metal-bearing acidic effluents from dumps. 

It is the com~lex requirements of the leaching bacteria which explain 

the suboptimal recuperation rates from present dump leaching operations. For 

example, waste is often placed in large mounds i~ valleys for dumping 

convenience. As a result dump interiors may be starved of air and 

temperatures in the core may :dse due to the oxidat:ion of th•~ pyrite and 

insufficient oxygen updraught for cooling. 'nlis makes the environment 

inhospitable for bacteria and thus reduces the leaching of the contained 

mineral content. Similarly, if due to weathering or dump vo1'.une the ore 

decrepitates easily, fines will be formed which constrain leaching reactions. 

The consequent rise in pH reduces bacterial activity both directly and also 

indirectly through causing iron salts to precipitate, coating mineral 

particles and le3v~.ng them inaccessible to bacterial and acid attack. 

Three main routes of optimization are identified and discussed in t~e 

present paper. These are: leach system desi~n, solution management and 

impro•rements of the bacteria. Research and pi .. ot plant experimenti:i indicate 

that recuperation ratas of over 80 per cent can be a~hieved in time periods of 

b~tween eighteen m~nths and two years if such optimization routes are followed. 

In a dump leaching system optimization is restricted to solution 

management, with som~ possibilities cf bacterial activity improvements. For 

example, solutions can be distributed to the dump surface through sp~ay 

systems to enhance oxygen penetration1 solution application rates a.id rest 
3+ 

periods can be devised1 and Fe and pH contents can be systematically 

controlled. An ubiquitou~ indigenous bacterial population will probably 

out-compete any improved strain later inoculated into the dump. However, as 

an outcome of microbiological research, in the future it may be possible to 

inoculate barren dump interiors with high temperatures or mixed leaching 

species. 
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There is obviously aiore potential for ~ptimizing heap or confined 

systems since they are constructed purposely for leaching. Optimal height, 

shape, tonnaqe and particle size can be determinedJ correspondingly a -finger 

heap• system may be constructed which maximizes oxygen uptake and cooling and 

prevents p~Lcolation problems through fines formationJ 0ptimal locations can 

be selected and ground surfaces prepared, if necessary, to prev~nt solution 

losses. In additior. to optimization procedures through plann~ solution 

management, improvement~ to the bacterial populatio~ can be made through 

inoculation of selected ~nd adapted strains, the creation of mutually 

beneficial mixed cultures, and the addition of growth-stimulating nutrients 

and elements. Genetic engineering may offer ultimately the greatest potential 

for improving leaching b~cleria. For example, cell adjustments could be made 

so that the bacteria selectively leach part\cular sulphide minerals or are 

unaffected by certain toxic substances1 and the enzymic reactions controlling 

oxidation could themselves be speeded up. 

However, it cannot be overemphasized that the cost struc~ure of 

optimizing a bacterial leaching project is highly dependent upon the geology 

and geography :)f the mine location. The rock type and its natural particle 

size after dynamiting will determine the necessity for preliminary crushing, 

the addition of extra acid or the special design of finger dumps1 the soil 

types and hycrogeology of the location of the leaching operation will 

determine the need for prior groun~ surface preparation and the nature of the 

solution collection systemJ and the availability and characteristics of local 

acidic mine water and vibrant indigenous bacteria will ultim~tely det£rmine 

the efficiency of bacterial leaching for a given mine site. The 

characteristics of the principal routes to optimization are, therefore, highly 

site specific. 

The principal implication of all this is that there exists no precedent 

in the industrialized countries of 0ptjmized bacterial leaching operations. 

There are no general models upon which the developing countries can design 

their leaching projects and, as c.. sourcf: of technology transfer, the potential 

of the industrialized countries, although important, is limit.~. 

In addition, linking biotechnology with the mining industry demands a 

combination of a wide range of knowledge, skill and technical inputs which in 

their diversity distinguish bacterial leaching projects from other t~hnical 

projects in the minerals industry. 
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In this context, based on a detailed literature survey, discussions 

~ith experts anrl field-work at the mine site, ~ scheme was constructed whi:h 

sets out the catt?gories of technological capabilities required foe the 

development of an •abstract• economically and technically efficient bacterial 

leaching project where the objective is to design ana implement a proces~ of 

endogenous technical change. Endogenous technical change means technical 

change uesigned, implemented and controlled from within the ~ountries 

concerned, which is not to imply that foreign technology-related inputs cannot 

play an important role. 

These technological capabjlities are considered in the context of four 

major sets of technical change activities. These are: first, ~rocess route 

se.lection and the decisi'm to include bacte=ial leachin<:; in <• min':!ral project1 

secondly, evaluation of t~e leachability of the material and the design of 

parameters for scale-up1 thirdly, pilot-plant testirig1 and fourthly, 

designing, installing, ~ontrolling and optimizLng an efficient bacterial 

leaching project at the industrial scale. 

Fer each category of technical change activities ~he scheme specifies 

tasks, requirements of personnel (which will embody interrelated elements of 

·~ knowledge, skill and experience) techniques, facilities, equipment and funds 

and a context in »hich the technical change activities take place. 

The technological capabilities s~heme forms the basis for the critical 

analysis of th~ Andean Pact Copper Project and the guidelines which follow, in 

section 2.2, for bacterial leaching technology development at the project 

level. 

2.1.2 The Andean Pact Copper Project 

The Andean Pact Copper Project re~resents one of the few examples of 

the aev~lo~ment and application cf bacterial leaching technology within the 

developinq countries. In addition to its intrinsic relevance as a technology 

developm~nt project in the area of biotechnology and the minerals industry it 

is alao ir:teresting since it was desi.gn~ to eng&nder a process of endogenous 

technical change in th'e participa+:ing cour.tries. 
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Consequently, a specific strategy of t~hnological capability 

development was designed to actieve this. Essentially it invol~ed the 

utilization and development of local resources and akills in th•~ area of 

bacterial leaching assisted by the inteLnational transfer of 

technology-related inputs both from developed countries and between developing 

countries and co-ordinated by the Technology Policy Group of the Andean Pact. 

The resulting projects were aimed at cupying, adapting and creating technology 

through joint efforts. The idea was that they should achieve specific social 

and economic objectives and in doing so act as instruments of integration. 

Four projects have been embarkf!d upon. These are: the Copper Project, the 
* Tropical Woods Project, the Food Project and the Rcral Project. 

This set of projects was discussed within the Andean Pact in the 

context of the failure of other policy projects and the complete 

disillusionment of decision makers and firms with the capacity of R and D 

institutes to create technology within the countries of the Andean Group. 

Three factors were thus to be crucial in their choice of future projects: 

(i) the assurance of their economic and technical successJ (ii) their 

potential impact1 and (iii) their political feasibility. 

* The Andean Project in Tropical !~oods was approved by Decision 89 
of the Board of the Cartagena Agreement ~n 1975. ~ts objectives were to 
integrate the forestry ceserves of the Andean countries through joint 
ac~ivities in technical, industrial, economic, legal and policy areas. These 
activities have i:1cluded the setting up of 11 subreqiona~ laboratories and the 
participation of 200 techniciansJ the developm~nt of a classification system 
of structural woods and a design manual for construction1 and, the development 
of low-cost housing "pilot villages". 

The Andean Project for Technology and Development in ArPa of Food and 
Nutrition was approved by Decision 126 of the Board uf the Cartagena Agreement 
in 1979. Its objectives were to produce locally foods of high protein and 
calorific value at relatively low cost destined for tne vulnerabl~ groups of 
low income sectors of the population of the subreqion and to substitute for 
some importation of these foodstuffs. It has several activities i~ progress1 
these include projects within the milk, flour and fish industries. 

The Andean Project for Rural Technology Development was approved by 
Decision 167 of the Board of the Cartagena Agreerr~nt in 1981. Its principal 
aim is to generate, transfer and diffuse technological solutions to the Andean 
(sierra) zone of the subregion in order to improve the management of natural 
resource~ and agriculture by the small farmer. Five microregions in each 
member country have been chosen and local farmers will be par~icipating in the 
development of sub-projects in each micrcregion. 
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The general goals of these projects are: 

(a) The solution of a mutual technical problem in a co-operative way 
through the integration of the par~icipating countries so that teams 
would be working complementarily and not parallel1 

(b) The formation of teams with a problem-solving capacity in all 
activities from R and D to industrial production1 

(c) The inti:oduction of these teams as viable i".lternatives to foreign 
consultants at the industrial level1 

(d) Th~ creation of an infrastructure which ~ould form a base to 
enable the technology thus generated to be adapted to other areas of 
inJustry. 

It was decreed that when these projects were formulated they must 

include a 1etailed definition cf the problems, objectives, methoc!~logy, 

evaluation criteria, human and material requirements, time scale and possible 

economic and social benefits. It was planned that these same factors should 

form the basis for the control and evaluation of each project. 

The Andean Pact Copper Project was a collaborative project involving 

only Bolivia and Peru and was designed to solve the mutual problem of the 
90/ 

recuperation of low grade copper from marginal and waste dumps. ~ The 

project was originally designed to achieve the following two specific 
. . .w ob]ect1ves. 

(a) To form teams of peop~e capable of efficiently managing the 

hydrometallurgical technology of c'Opper from the laboratory level up to the 

design, construction and operation of industrial plants. (These peopl~ 

ultimat~ly should be capable ~f continuing Rand D work and of perfecting, 

adapting or designing new technologies based on the knowledge transferred 

* through the project)J 

(b) To create in Bolivia, Chile and Peru lahoratory facilities for 

analysing, evaluating and de"eloping studies of copper mineral leaching. 

* Unofficial translation from the original S~anish text. The latter 
part of objective (1) is in paren~hesis since it was later omitted from the 
relevant policy document. 

----
' 
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An 18-llrlnth planning period (1974-1975), fundea by untied assistar.ce 

given to the Andean Pact's Technology Policy Group, proved to be crucial to 

* the success of the project. ~he Pact's Projecc Co-ordinator was able to 

use these funds to vi~it the technology suppliers' bases in Canada and the 

Federal Republic of Germany and industrial bacterial leaching operations in 

the United States. It also enabled a preliminary, albeit superficial, survey 

to be made of both the t<!Chnical possibil!cies of applying bacterial leaching 

in the subregion and the political willingness and existing technological 

capabilities of the firms and institutions which could partici~ate. Moreover, 

the Co-ordinator was able to visit the aid donors' central offices in the 

Federal Republic of Germany to negotiate the aid agr~ement. This was 

significant since Chile, the foremost Latin American copper producer, had left 

the Andean Pact in 1974 and this had weakened the credibility of the project 

in the distant eyes of the German Agency for Technical Co-operation (GTZ) • 

Indeed it was only through prolonged person-to-perso.1 negotiation that 

agreement was reached and certain restrictive clauses removed from the final 

contract. 

The decision-making processes, explicit and implicit, within the Andean 

Pact Copper Project are particularly interesting since they involved a whole 

spectrum of personnel1 each with their own perspectives, objectives, capacity 

and power. They ranged from developed-country-based •assistance• agency 

officials and tecrnology suppliers to developing-country-based Andean Pact 

functionaries, government decision makers, company managers, engineers and 

miners. 

Given inevitable political pressures to allot decision-taking roles to 

particular people and institutes, and the sometimes conflicting necessity to 

have technically informed personnel in these positions, the decision-making 

framework had to be carefully desigr.ed. Consequently, for edch Technology 

Development Project, the Andean Pact set up what was called a Contracting 

Com;nittee and it nominated national project managers for each country. The 

* This untied assistance came f~om the International Development 
Research Centre in Canada, and the Canadian International Development Agency. 
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Contracting Committee was to have a formal decision-takinq function. The idea 

was to have on t:1e Contracting Conunittee an e~ecutive secretary from the 

Andean Pact - in this case the Project's Co-ordinalcr, ~ho was also the h~ad 

of the Technology Policy Grou~ - and one high-level government-linked official 

from each country. The government representative was to have a deputy in c~5e 

of absence. In practice this was often the project manager who was a 

technical person in charge of the day-to-day running of the project in ~ach 

country and reporting to the Contracting Committee on its progress. The 

project participants were obliged to submit frequent progress report~ via the 

project manager to the Contracting Committee. These were to be reviewed and 

recommendations made. It was planned that the Contracting Conur.ittee should 

meet every six months. '.rhe last meeting of the Contracting Committee was 

August 1981, however the rep1~esentatives still have a nominal f•mction since 

tt1e Copper Project was never officially terminated 

Originally the project was pi.anned to begin in late 1974 with the 

passing of Decisions 86 and 87 by the Boar<': of the Cartagena Agreement. 

However, due to delays in signing the aid contract and the transfer of 

finance, it did not begin officially until Feoruary 1976. 

No alternative to bacterial leaching was considered during project 

selection since the technology to be developed in this progranune was to 

process previously unexploited marginal ore for which this technique is the 

only feasible method. However, the technology was not considered in isolation 

from thP. copper production process. COMIBOL's principal copper deposit is 

predominantly oxide so it was decided to develop a separate subproject 

relating to the sulphuric acid leaching of copper sulphate solutions by 

pre=ipitation on scr~p-iron. This was approved as Decision 86 by the Board of 

tt1e Cartagena Agreement in 1974. Chile, because of its expertise in this 

area, was to b~ the technology aupplier. Metal recovery by this method, 

however, is only one alternative (see section l.l)J so, in the context of its 

increasing importance in the ~opper production p~ocess, the development of 

capabilities in the area of solvent extraction and electrowinning was chosen 

• s another ccmplementary subproject. However, it was the bacterial leaching 

project - approved as Decision 87 by the Board of the Cartagena Agreement 

in 1974 - which was the core of the Andean Pact Copper Project and which is 

the main focus of the present analysis. 
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The programme of technology development included seminar courses, 

on-site training by foreign e:q>erts and visits to dump leaching industrial 

operations in the UniteG States as well as an international conference in 

biometallurgy. The project imrolved the joint participation of CENTI04IN, 

MINER<:rPERU and INCITEMI {now IN~.MET), PeruJ COMIBOL and IIMM of Bolivia. 

It was co~cludcd that the objectives of the Copper Project have been 

largely achieved in Peru~ and to a lesser extent in Bolivia. Furthermore, 

there has been an impressive diffusion of certain elements of the technology 

to other mine sites, fitms and countries as well as an adaptation of it by the 

trained teams to help solv~ other metallurgical problems. Indeed, on the 

basis of this success, the Andean Pact is planning various follow-up lines of 

action which aim to consolidate, diffuse and extend biotechnology applications 

in the minerals sector of the Andean Group, extend the technology development 

projects to other relevant metals and techniques and to strengthen the Andean 

countriesc negotiating capacity for mining and mineral processing technology. 

The extent of technology diffusion and adaptation relating to the Andean Pact 

Copper Project is summarized in table 5 below. 

The main achievements of the Cop~er Project are outlined below. 

(1) In the case of CENTROMIN, a large bacterial leaching pilot plant 

was installed at the Toromocho mine using cementation on scrap iron as the 

recovery method. The team, based at the Department of Special Projects in the 

Division of Metallurgy Research at La Oroya, which was created specifically to 

carry out the Copper Project, provided an important input to the 

prefeasibility study for the Toromocho industrial project. A new pilot 

project employing the Krupp solvent extraction-electrowi~ning plant presented 

by GTZ to the project is being planned in order to obtain parameters for 

scale-up. In ~ddition, natural bacterial leaching processes previously at 

Cerro de Pasco are being optimized, and copper fr<.llll effluent solution from 

both the mines and dumps is being recovered electrolytically. These 

o~erations also have reduced pollution significantly by the previously freely 

flowing acidic mine water. R and D is in progress to design a process to 

recuperate associated silver values. 



BOLIVIA 

CCMIBOL: 

IIMM: 

Private 
sector: 

PERU 
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Table 5 

THE EXT?:NT OF TECHNOLOGY DIFFUSION AND ADAPTA'l'ION 
RELATING TO THE ANDEAN PACT COPPER PROOECT 

Reconsideration of the Tasna Project: R and D for applying 
bacterial leaching to the mar111atite concentrates and zinc tailings 
at Colquiri: considered application of bacterial leaching to 
copper sulphide marginal ore and chalcosi~e concentrates at 
Corocoro. Further projects relating to other techiques and 
~inerals are being designed by the trained team. 

Interest in bacterial leaching research particularly with respect 
to tin sulphides and reduced tin tailings. 

Interest in a?plying bacterial leaching technology to copper 
sulphide ores and silver concentrates at various mine sites. 

CENTROMIN: A second pilot plant is being planned for Toromocho using a SX-EW 
recuperation process instead of cementation on scrap ironJ 
bacterial leaching is being considered at the industrial scale at 
Toromocho: bacterial leaching is being applied to in situ 
minerals at Cerro de Pasco. 

MINERO
PERU: 

ING~: 

Private 
sector: 

Project development at Cerro Verde, with INGEMMET researchers 
in the areas of bacterial leaching of sulphide values from 
previously leached oxide heapsJ leaching margin~! sulphide ore and 
leaching sulphide concentrates. 

Continued R and D on the Cerro Verde minerals with additional 
funding from OAS1 research on dearsenicization of smelter feeds 
and small-scale applications of bacterial leaching within Peru. 

Hochschild is developing a large-scale bacterial leaching 
project on optimized copper ore heaps at PativilcaJ R and D on 
bacterially leaching silver concentrates is in progress carried 
out by a university microbiologist previously employed by 
CENTROMIN for the Copper Project. 

TECHNOLOGY SUPPLIERS 

GTZ: On basis of the success of the Copper Project is considering 
financial support for follcw-up projects for both planning and 
project implementation to include equipment supply, training 
progranunes and contracting of foreign experts. 

Foreign Both experts have kept up links with the trainees and encour~ged 
experts: new ideasJ the bacterial leaching expert later gave a training 

course at IPT, in Sao Paulo, Brazi.l. The diffusion effects of 
their participation requires further investigation. 

CO-ORDINATING INSTITUTION 

Andean Pact: Support for follow-up lines of action ir. biotechnology and 
technology development in the minerals sector of the Andean 
region. The Project's original designer and Co-ordinator is 
now participating in the planning of a similar project urider 
the auspices of UNIDO in Chile. 
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(2) INGEMMET has nov built up a stronq capability in the area of 

bacterial leachir.g evidenced by its •anticipative• applied R and D vork on ore 

froa. MINERO-?ERU's mine at Cerro Verde. Since the oxide zone at that site is 

now nearly depleted, it is planned to bacterially leach the remaining sulphide 

values, from the sulphuric acid leached oxid~ piles, and marginal ore from the 

underlyinq sulphide zone. The installed capacity of the solvent extraction 

plant may be adapted to recover the copper from the solutions. MINERO-PERU, 

lacking the complete capacity itself, is planning to contract experts from 

INGEMMET ~o work with its own personnel at the mine site to develop and apply 

the bacterial leaching technology. In addition, INGEMMET has been contracted 

recently by some small private mining companies to assess the leachability of 

various ores. INGE..m"l' is also carrying out R and D on the extraction of 

pollutant arsenic by bacterial leaching from smelter feeds. 

(3) An R and D division was established within CC»o!IBOL as 

a consequence of the Copper Project and applied research carried out by the 

trained team on the bacterial leaching of copper ore from Tasna. A pilot 

plant pcograJllJlle for Pailaviri was subsequently planned though not 

implemented. In addttion, some more innovatory research was carried out on 

marmatite (zinc) concentrates from Colquiri. Although the results were 

positive the technology was not developed nor was the mine management informed 

of its potential as an alternative for recuperating marmatite from flotation 

tailings. Finally, it should be mentioned that the Special Project Division 

in Metallurgy, created in COMI60L to carry out the Copper Project, has 

recently completed the following1 (a) a feasibility study for the 

hydrometallurgical plant at the Corocoro copper mine (oxide leaching)J 

(b) a prefeasibility study for polymetallic tailings at San Miguel1 

(c) a prefeasibility study for copper tailings at TelamayuJ 

(d) a pre-investment study for the polymetallic tailings of Telamayu1 

(e) a feasibility study of the polymetallic deposits of Bolivar. None oi the 

projects, hovever, are based on bacterial leaching. 

(4) Finally, the private sector in both Bolivia arad Peru has recently 

shown much interest in bacterial leaching. In Bolivia, owners of several 

undeveloped copper sulphide deposits are considering bacterial leaching 

technology as a low-coat investment technique in the context of an unstable 

political enviro~.ment. In Peru, a former member of the CENTROMIN team is now 

directing the development of two ba~terial leaching projects for a private 

company. 
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SWlllllary of present state of bacterial leaching technology development 
in Bolivia and Peru 

Through analysing the Andean Pact Copper Project, in terms of the 

scheme developed in chapter I (section 1.5) to categorize the requirements for 

technology development in bacterial leaching, it is possible to identify the 

strengths and weaknesses in each country's •capability framework•. 

The p:esent state of technological capability accumulatior. in bacterial 

leaching in both Bolivia and Peru is sUJ1111arized belowJ the salient features 

are noted in table 6 and related co111Dents are made below following closely the 

structure of the Technological Capabilities Scheme for Bacterial Leaching 

* Technology Development. 

Bolivia 

It seems that the IIMH team has a basic knowledge of bacterial leaching 

techniques b~cked up by most of the elementary facilities, equipment and skill 

inputs required to car~y out preliminary research. This knowledge would also 

seem to embody an awareness of current trends .~.n the world minerals industry, 

particularly in relation to the flotation of tin, zinc and the main s~1lphide 

minerals and also the leaching of tin. IIMM seems to have established a 

reput<,tion in both the public and private sector for doing reliable chemical 

analyses of minerals and mine water. IIMM has no microbiological expertise, 

however the University of La Paz has a microbiology faculty whica is 

interested in industrial biology and starting research in bac~erial leaching. 

In addition, a former member of the IIMM and the t~aiPed Copper Project team 

is now teaching a course in bacterial leaching to e~gineering students at the 

University of Oruro. This may improve knowledge inputs for bacterial projects 

in the tuture. 

* See source material listed in annex Iv. 
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IIHM, in part bas~ on previous unutilized research, recognizes the 

potential of applying bacterial leaching in Bolivia and is aware of what would 

be the basic requirements to carry out a project. What is needed is both 

training and involvement in an industrial project. This would enable IIMM, in 

conjunction with the uuiversities, to provide a capacity ~o evaluate the 

leachability of a given ore and carry out problem-solving and ongoing R and D 

during pilot plant programmes and industrial-scale operations. 

In the private sector the existing relevant capabilities include 

a basic g~logical evaluation capacity and an awareness on the part of some 

managers of medium-sized mines of the potential of bacterial leeching. Major 

problems include: the lack of direct, and perhaps collective, fund 

allocations to capability accumulation activities like local R and o, 

technic~l training programmes and t~hnology search. However, there is 

a Medium-Scale Miners Association ~hich has shown an interest in bacterial 

leaccing and has good information collection facilities and knowledge of 

technical advances and market trends in the min~rals industry. 

CC»4IBOL has some facilities, equipment and skills relevant to carrying 

out activities for general process route selection but it lacks information, 

training, managerial support and funds to develop these ideas into worth~~ile 

* alternatives. The evidence indicates that dumps at COMIBOL's mines 

contain much unexploited mineral wealth. However, its geological evaluation 

procedures ar~ basic and the wooden shaft block technique - a time-consuming, 

labour-~ntensive method which is the only available method it has to evaluate 

dumps reliably and at depth - nef:ds to be utilized and diffused withir. and 
** outside of COMIBOL. 

* This capability is more developed in the area of tin extraction 
and recovery than sulphide mining and processing 

** The widespread application of the wooden shaft block tech~ique 
would stimulate employment, the maintenance costs of wnich could be paid for 
by the gains frona exploiting the evaluaced dumps. A superficial examination 
of data for dump reserves indicates the feasibility of this. 
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The Division of Special Projects in Metallurgy, COMIBO~'s research 

depart.~ent, has no organized information storage and retrieval system and 

a poorly stocked library. However, the need is recognized, the facilities 

exist and on1! employee even has the task of librarian. Again there is 

a problem of lack of finance and co-ordination. 

COMIBOL lacked a multidisciplinary team throughout the project's 

development. Although it included 111etallurgical and chemical engineers and 

management for most of its duration, it did not include sufficient inputs from 

microbioloqists, mining engineers or geologists at the mine sites. 

No proven capacity exists within the firm to assess the social 

implications of applying bacterial leaching to existing mineral dumps. 

However the miners, including the women dump workers, are very well organized 

and could make essential contributions if management were to accept their 

participation in project decision making. 

There were not sufficiently efficient communication channels nor 

reliable infrastructure or facility of access with~n the COMIBOL capability 

framework. This restricted the extent to which R and D personnel could work 

with the prrxJuction sector. However, the Division of Special Projects in 

Metallu~1Y has good international contacts with both foreign experts and 

assiatance organizations which could be followed up, given support from higher 

management, and used beneficially in the planning of ~uture bacterial leaching 

projects. 

CO"IIBOL has adequate precision instrll!l!ents to carry out chemical 

analyses although some spare parts are missing and the equipment is often 

unutilized due to lack of demand. COMIBOL also has most of the basic 

equipment needed for bacterial cultivation and maintenance and flask and 
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* However, the knowledge, skill and experience necessary tc column tt>sts. 

car~y out th~se activities and optimize the leaching pr::x:esses are presently 

lacking. Sane personnel, trained during the Copper Project and now outside 

COKIBOL, could, and indeed are willing to provide some of these in~uts anew. 

But again, further training, fund all~ation and the select:i.on of feasible 

p~ojects is require<l. 

COMIBOL, through the assistance to the Copper Project, obtained the 

necessa1y bacterial leaching pilot plant ~Jipment. Hot!'ever, the team ha~ no 

proven capacity in either the provision of reliable parameters fer scale up or 

optimizing bacterial activity and yieldJ it did display a knowledge capacity 

in the area of leach system design and solution management. However, this was 

* The eq~ipment received specifically for the bacterial leaching 
project by Bolivia included the following items, accessories and spare parts: 

Laboratory 

Variable speed agitators 
with flask carriers 
and flasks 

Aut~matic print out 
titration equipment 
and p9 meter 

Precision balances 
Deminer ali zer 
Water dist.iller 
Drying ~ven ana heating 

elements 
Incubator 
Pressure regulator 
Maqnetic stirrer and hot 

plate 
Portable autoclave 
Bacterial filters 
Ball mills 
Bio-oxidation sy6tem 
Crushet, pulverizer and 

grinding plates 
Flow meters and indicators 

Pilot Plant 

4 highly resistant plastic pumps 
(1,500 rpm, l in. x l in.) 

2 highly resistant plastic pumps 
(1 1/2 in. x l 1/2 in.) 

4 magnetic starting motors 
600 m2 of PVC sheeting 
4 centrifuge plastic pumps 
4 rotators 

Sources Bolivian Project Man&ger, Evaluaci6n de las Actividades 
Realhad&a par Bolivia en lo• Proyectos Ar.dinos de Desarrollo TE=Cnol69ico en 
el Area del Ccbre (J/GT/107), 7 December 1981) 
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not accompanied by an informed decision-making capability with respect to 

either progression to the pilot plant stage (as, for examplQ, in the case of 

the Pailaviri project), or the technical and economic feasibility of specific 

planned industrial operation (for example, the Tasna project). 

Finally, no mechanisms were created to diffuse the bacterial leaching 

technology developed either within or outside of COMIBOL. Thus, in the 

absence of fund allocation by management or assistance organizations to enable 

work to continue in this field, the existir.g capability framework may not 

receive the strengthening it requires for the future development, 

implementation, operation and optimization of bacterial leaching projects in 

Bolivia. 

Peru 

During the developmer.t of the Copper Project, INGEMMET has built up 

probably the strongest and most consistent set of bacterial leaching 

technological capabilities within the subregion. These capabilities are 

mainly concentrated in the areas of pure and applied research and to some 

extent in project formulation. 

Since geological, extractive matallurgical, chemical and 

microbiological research is carried out within the same institute, and the 

institute is located in the campus of the principal engineering university of 

Peru, Universidad Nacional de Ingeneria (UNI), a potential evidently exists 

for building up multidisciplinary tea~s. For example, a capability ~xists to 

assess the general possibilities of applying bacterial leaching in Peru 

through geological knowledge of the types of mineral deposits which exist in 

the country and metallurgical and microbiological knowledge of their 

suitability for leaching. However, these capabilities have yet to be combined 

effectively to bring about technical change activities in this area. 

At present there is a ~eam comprising one chemical engineer, one 

microbiologist, technical assistants and a visiting research chemist fr~m tne 

Federal Republic of Germany. One research·~r received training in a Belgium 

university where he investigated the leach?.bility of Cerro Verde's ere. The 
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equipment, which is very basic, was acquired by INGEMMET independently of the 

Copper Project, and includes microscopes, an incubator, a simple agitator, 

flasks and columns. However, the team now feels their research has advanced 

sl1fficiently to warrant higher precision equipment for more detailed research 

into leaching mechanisms and optimization procedures. 

Furthermore, the publication of research articles, invitations to 

international conferences, contract research for small private mining 

companies and the proposed co-operation with MIN~RO-PERU at Cerro Verde 

indicate that INGF.MMET, through the Copper Project, not only has developed a 

reputable capability in bacterial leaching but has also linked it with the 

requirements of the production sector. This also demonstrates an im:t>Ortant 

decision-making capability in relation to the independent anticipation of a 

company's future needs and the design and presentation of a feasible 

collaborative project at the appropriate time 

However, a current lack of fund allocation to bacterial leaching 

research within INGEMMET and its new emphasis on contract research for 

industry may limit the amount of basic and anticipative research that can be 

carr :i.ed out. 

Similarly, whil~ there is a basic knowledge of the international state 

of the art of bacterial le.aching this needs to be augmented by information 

inputs. However, bibliographies and journal subscriptions are limited and 

there is no funding currently available for participation in conferences or 

visits to international centrds of expertise. 

Finally, INGEMMET has the capabilities required to provide an ongoing 

research and problem-solving input at both the R and D pilot-plant and 

industrial stages to the mine~al companies of t~e subregionJ but because it is 

an R and D institute - without production facilities - its set of 

technological capabilities in the area of bacterial leaching will always be 

complementary. 

In the universities very little research is taking place in 

biotechnology in general and ~acterial leaching in particular. The 

microbiologist who worked with CENTROMIN is continuing bacterial leaching 

research in the Univer8ity of San Marcos using ores from Hochschild's mine at 

----------- - ------
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Pativilca. Biotechnnoloqy research in Peru is mainly related to the 

production of pharmaceutical products like antibiotics, vitamins and amino 

acids. The extent to which these research progranmes could be extended to 

include, say, genetic engineering research into thiobacillus, still has to be 

investigated. 

In the private sector in Peru the main capabilities in bacterial 

leaching seem to be concentrated in Hochschild where multidisciplinary teams 

are being built up to develop projects in the area of bacterial leaching 

copper and silver. These teams are working at the mine site. They are being 

directed by the former head of R and D at La Oroya who was trained in the 

Copper Project and is the principal author of most of CENTROMIN's reports. 

The capabilities of the Southern Peru Copper Corporation were not investigated 

although the geology a~d volume of its porphyry deposits at Cuajone and 

Toquepala suggest a great potential for a waste and marginal ore leaching 

programme. Finally, some small companies have demonstrated a knowledge 

capability in bacterial leaching through contracting INGEMMET to make some 

preliminary assessments of the leachability of some of their ores. 

MINERO-PERU at Cerro Verde has the advantage of an existing cavability 

at the R and D, pilot plant and industrial scales in oxide hydrometallurgy. 

They have a basic geological evaluation capacity and knowledge capability 

regarding the type, tonnage and composition of their in situ sulphide reserves 

and the implications for process route select~on. However, they have no 

developed capabilities - in terms of either equipment or expertise - to 

undertake systematic sampling of sulphide mineral reserves in their oxide 

leaching heapsJ nor are funds presently available to remedy this. 

In MINERO-PERU there is a small R and D department, the Division for 

Design, Technology and Control of Production. Within this depactment there is 

expertise and equipment in the area of oxide leaching. However, there are 

neither microbiologists nor the necessary instruments and facilities to 

research bacterial leachi11g processes. Furthermore although there are 

analytical facilities for evaluating the composition of leach effluents there 

is no proven capacity to analyse the biological characteristics of solutions. 

This could be remedied w:Lth little marginal cost and effort. 
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There is a limited knowledge of the potential of bacterial leaching or 

the general state of the art. How~ver the recently appointed head 0f the 

R and D division, who was trained through the Copper Project, is supportive of 

bacterial leaching1 while a metallurgist, formerly of INCITEMI and trained in 

the Copper Project, has a proven capacity in idea generation and project 

formulation and attended a recent biometallurgy conference in April 1983 in 

Italy. MINERO-PERU has no proven capability in bacterial leaching at the 

pilo~ plant stage1 it designed and constructed an experimental hear- at Cerro 

Verde with INGEMMET but this was never operated. 

In conclusion, although MINERO-PERU clearly has no specific 

capabilities in bacterial leaching itself, it could adapt its oxide 

hydrometallurg7 capabilities to encompass ~arge-scale sulphide leaching. 

Minor changes of the solvent extraction pro ss would be required to deal with 

copper sulphate solutions from bacterial leaching. If the surface of the 

oxide heaps could be rendered impermeable then they could provide the base for 

sulphide heap leaching and existing solution channels, distribJtion systems 

and access routes could be used. 

Finally, the possibility 0f mixing solutions should be investigated 

since sulphide leaching of marginal ore may compensate for undercapacity at 

the solvent extraction stage while the oxide zone is being terminated or 

solutions from the leaching of other reserves of oxide ore, owned by 

MIHERO-PEPU, are s~nt to Cerro Verde for treatment. 

CENTROMIN has the advantage of being able to build upon the existing 

capabilities of the former Cerro de Pasco Corporatio~ which had already 

established a R anj D rlivision at La Oroya, the centre of its mining and 

processing operations. 

CENTROMIN has a basic geological evaluation capability with back up 

support in mineralogical and chemical anaJ.~1sis. The Department of Special 

Projects was established within the Divisior of Metallurgy Research at La 

Oroya to carry out the Andean Pact Copper Project. It has all the basic 

facilities, equipment and instruments necessary for a R and D and pilot plant 

proqranane in bacterial leaching s~nce CENTROMIN was one of the principal 

I 
' 
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* recipients of equipment in the Copper Project. However, there is no 

longer a multidisciplinary team devoted to bacterial leaching now that the 

Toromocho pilot plant project has been stopped. This means that rlespite sane 

microbiological research being carried out by metallurgists, some of the 

equipment remains unuLilized and the possibilities of microbiologica~ 

optimization remain unexplored. 

What is impressive about the CENTROMIN set of technological 

capabilities is the adaptation oE standard research methcds to suit their own 

particular needs. For example, research was carried out en the comparison of 

local and foreign bacterial activity in the Torcmocho leaching environment anc 

on continuous bacterial cultivation. The effect of rainfall on pH and 

* This equipment included the following items and relevant 
accessories and spare parts: 

Laboratory 

Variable speed agitators 
with flask carriers 
a~d flasks 

Demineralizing equipment 
Water distillers 
Drying oven 
Sterilizer 
Incubator 
Thermostats 
Counting chamber 
Pressure regulator 
Magnetic stirrer 
Hot plate 
Portable autoclave 
Centrifuge 
Bacterial filters 
Plow meters 
Thermometers 
Micropressur2 balance 

Pilot Plant 

4 highly resist?nt plastic pumps 
(1,500 rpm) 

4 starting motors 
600 m2 of PVC sheeting 
4 centrifuge plastic pumps 
4 rotators 
Krupp solvent extraction

electrowinning pilot plant 

CENTROMIN already had its own microscopes and pH meters. In addition 
electrochemical equipment at La Oroya includes a potentiostat, a function 
generator, a potential meter and a recorder. (Sources Bolivian Project 
manager, •Evaluaci6n de las Actividades Realizadas por Bolivia en los 
Proyectos Andinos de Desarrollo Technol6tJico en el Area del Cobre• (J/GT/107), 
7 December 1981). 
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bacterial activity was evaluated and large column leaching systems were 

devised to simulate scale-up conditions. Furthermore, these capabilities to 

carry out research progrannes more advanced than were tauqht to the teams in 

the technology transfer process are either incorporated in personnel presently 

working at La Oroya and Cerro de Pasco or accessible through the many 

technical papers written during the project as well as the detailed procedure 

manual that is being prepaced. 

An awareness of the importance of bacterial leaching to CENTROMIN's 

operations has been demonstrated by engineers and management. 'nlis is evident 

from the following: 

(a) The important input that the Department of Special Projects made 
to the recent Kaiser Engineering Company prefeasibility study for the 
development of bacterial leaching at the planned industrial-scale 
project of ToromochoJ 

(b) The current plans for a new pilot plant project, based on the 
experience of the previous one, using the Krupp solvent extraction 
plant instead of cementation on scrap iron metal recovery1 

(c) The participation of the Head of the Department of Special 
Projects in a six-week UNEP training course in the Microbial Leaching 
of Metals from Ores, held during May and June 1982, based at the USSR 
Academy of Sciences. 

CENTROMIN demonstrated less developed capabilities in the area of 

scaling up. This was mainly due to its failure to co-ordinate its research 

programme wHh the activities of the mining engineers at the Toromocho site. 

Similarly the geology division was not included in the Project. Since the 

team at La Oroya have a limited geological knowledge particularly of the 

mineralogy of the company's reserves, the possibility of applying bacterial 

leaching to other suitable ores may be overlooked. In addition CENTROMIN did 

not fully develop technological capabilities at the pilot plant operation 

stage. There was very little ongoing R and D and no microbiological input1 

while inadequate organization at the plant sitP inhibited ongoing optimization 

and production process improvement. 
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Finally, although CENTROMIN has an economically efficient industrial 

operation at Cerro de Pasco this dces not necessarily indicate a complete set 

of capabilities at this stage. This is because the mineral reserves are in 

situ and leaching systems dumps, that is, the systems are not constructed to 

optimize the process. 

In summary, CENT~IN has built up an important set of utilizable 

technological capabilities in bacterial leaching. However, the following 

weaknesses in its capabilities are apparent: 

{a) The failure tv build up a multidisciplinary team which includes 
the participation of geologists, mining engineers and microbioloqists1 

{b) The failure to achieve close co-operation between its R and D and 
production divisions1 

Consequently engineers and management are not sufficiently aware of the 

potential of bacterial leaching. 

The preceding summary is based on an analysis of bacteria leaching 

technology development in 3olivia and Peru through the Andean Pact Copper 

Project. This analysis revealed that in each country the problems and 

achievements observed could be explained not only in terms of initial 

constraints and advantages, or standard obstacles to development {such as the 

alienation of R and D from industry or the •brain drain• phenomena) , but also 

in terms of the technology policy, the ways in which it was implemented and 

the extent to which requirements were met for technological capability 

accumulation in the area of bacterial leaching. 

The analysis reveals some limiting and stimulating factors to achieving 

technological progress in bacterial leaching and implications for policy. The 

~ore important of these policy implications are discussed in the next section 

under three headings: linking research with production in bacterial leaching/ 

the benefits and limitations of technology transf~r in bacterial leaching, and 

the social context of bacterial leaching applications in the minerals industry. 
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2.2 Suggestions for project policy in bacterial leaching 

The Technological Capabilities Scheme fo1~ the Development of Bacterial 

Leaching Technology (chapter I) is a basis for the formulation of policies for 

bacterial leaching projects. The remarks below complement the Scheir.e. 

The problems ard achievement~ of the Copper Project were analysed in 

terms of seven pertinent sets of technology policy issues. These were: 

(i) relations between research institutes and pro<iuction enterprises and 

between research and production within firms1 (ii) subregional co-operationJ 

(iii) the participation of foreign experts and the transfer of technology; 

(iv) turnover of personnel1 (v) the consolidation of technological 

capabilities and diffusion of the technology; (vi) technical and practical 

difficulties1 (vii) the social context of the technology application. 

2.2.1 Linking research with product~on in bacterial leaching 

The re3earch showed that processes of technical change and innovation 

in the minerals industry, when viewed at the project level, are highly 

complex. In the case of bacterial leaching, the biological and chemical 

processes function as part of a system which involves geology, hydrogeology, 

geography, physics, engineering and economics as well as social relations of 

work and management. For this reason the preparation, design and 

co-ordination of such projects requires the participation of technically 

informed personnel, with production experience, in addition to researchers, 

policy makers and planning managers. 

Technical change and innovation processes in the bacterial leaching of 

minerals were not observed to be research-initiated. As the capabilities 

Scheme of section 1.5.2. indicated, .~ultidisciplinary teams, that include 

production personnel as well as researchers, need to work in close 

co-operation right from the beginning. These projects require initial inputs 

from both geologists and microbiologistsJ co-operation during the design and 

implementation phases between metallurgical and chemical engineers on the one 
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hand and miners and mining engineers on the other1 and R and D must be an 

ongoing activity throughout the preparation and operation of the project. For 

example, a geological evaluation must be carried out to determine the amount 

of copper that can be extracted, the characteristics of the mineralogy and the 

~ature of the rock material. The~e results need to be interpreted by a 

metallurgist to determine the implications for technology applications and 

combined with the findings of microbiological field-work to evaluate the 

potential of applying bacterial leaching. The field-work should consist of 

analyses of the biological and chemical characteristics of local mine water, 

assessments of the biological activity of indigenous bacteria and a 

microbiological investigation of lhe leachability of the ore under 

consideration. It is evident that these tasks should be carried out in close 

proximity to, and in co-operation with the production sectorr particularly 

since the leaching bacteria work best in their indigenous environment and the 

charac~eristics of mine water may change when transported. However, the cases 

of COMIBOL and CENTROMIN demonstrated that R and D undertaken by the firm, 

appropriate project selection and relevant research are not sufficient to 

ensure the industrial applications of the ~ptimized technology. The success 

of any leaching programme also depends en whether the company's mining staff 

extract and dump the mine waste according to the parameters developed by the 

multidi3ciplinary research team, which will be composed principally of 

metallurgists, microbiologists and chemists. Links have to be forged between 

the disciplines of metallurgy and mi~ing. 

This poses something of a challenge for most mining companies since 

their department~ usually work autonomously and interdepartmental 

conununication is usually weak and often non-existent. For this reason 

management should be included early on in a bacterial lP.aching project since 

their support will be instrumental in bringing about the structural changes 

necessary to set up multidisciplinary teams and releasing production and 

R and D staff for training. This includes management at the mine site as well 

as at company headquarters since they often have decision making freedom and 

need to be aware of the alternative process routes available and the necessary 

special construction and operation procedures associated with bacterial 

leaching industrial systems. 
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Management will need to ~ convinced of the potential of bacterial 

leaching for each particular mine since every additional technical change 

activity carried out to achieve optimization - for example, strain selection, 

nutrient addition, preliminary crushing, ground preparation, heap design, etc. 

- represents an additional cost which, in the absence o~ standardized cost 

structures, requires its own justification to obtain funding because there are 

no standard procedures or cost structures for bacterial leaching operations. 

Furthermore, optimizing bacterial leaching is an ongoing activity since 

mineral content declines, particles decrepitate, solution compositions change 

and the bacteria growth needs to ~e continually stimulated. So again 

management support will be needed to ensure that funds and sufficient 

personnel are allocated to the operativ~ plant to enable an ongoinq R and D 

and engineering improvement pro3r~mme to be effective. 

The analysis of the Andean Pact Copper Project illustrated the 

influence of decision makers, and particularly the importance of 

•entrepreneurial• characteristics, for the possibility of developing this 

•unconven~iona1• technology. Indeed, every case of intended application of 

bacterial leaching in Bolivia, Peru and Chile had a crucial example of one 

manager's enthusiastic conunitment ~o the technology. 

Most mining companies do not have microbiological facilities, and a 

genetic engineering progranune would probably be beyond the scope of all but 

the large transnational enterprises. Therefore, both research institutes and 

universities may have an important role to play in complementing the 

capabilities of mining companies in bacterial leaching projects. However, in 

the case of the larger mining companies, the possibilities of expanding 

medical facilities, where they exist, to carry out bacterial leaching research 

should be explored. 

The examples of CENTROMIN and INGEMMET illustrated the delicacy of the 

task of trying to link microbiolo..Jical research carried out in an institute 

away from the production site with the more metallurgy-oriented research 

carried out at the firm wh~n the latter is not (ully aware of the potential 

offered by microbiology for optimization. However, the cases of developing 

co-operation between MINERO-PERU and INGEMMET, COOELCO and INTEC and Disputada 
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and CIMM shr,w that if a company is determined to carry out an efficient 

leachinq project, and is convinced of the potential for bacterial 

optimization, there is a need for microbiological inputs which can be best 

fulfilled by a local research institute. 

This was further supported by the observation that a transnational 

corporation operating in Chile had found its own organizational structure, 

which contracted out research to a subsidiary in its home country, 

inappropriate for carryinq out an optimized ~acterial leaching project. This 

is due to the already-emphasized site-specificity of bacterial activity, the 

constraints on ore and min~ water transportation (which means research carried 

out abroad, as well as being unnecessarily costly, produces unreliable 

results), and the need for continuous inputs of local knowledge which are 

generally best provided by personnel whose ~ucative and professional 

experience has a large •1oca1• element. 

All the examples of research institutes and firms working together 

indi.cate that if the varied input requirements for a bacterial leaching 

project are to be effectively combined then researchers need to make frequent 

and extended visits to the mine site and work alonqside production personnel. 

Finally, and following on from this, the case of the evolving though 

only recent co-operation between INGEMMET and MINERO-PERU indicated the 

benefits ~rising from allocating funds and facilities to enable research 

institutes to undertake anticipative bacterial leaching research on ore from 

local mines. On the basis vf such research, project proposals can be 

presented to be developed in conjunction with the operating enterprise. This 

is also a means to inform mine management who, due to immediate production 

problems, are often unaware of the potential benefits of including bacterial 

leaching as an additional process route. 

2.2.2 The benefits and limitations of international technology transfer in 
bacterial leaching 

Throughout its duration the Andean Pact Copper Project illustrated both 

the benefits and limitations of the international transfer of 

technology-related inputs, both from developed countries and between 

developing countries, for local technological capability accumulation in 

bacterial leaching. 
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2.2.2.1 Subregional c~operation 

The Copper Project indicated that while there are obviously a vast 

number of technical problems of mutual interest their resolution through 

c~operative endeavours is subject to many constraints. Variation in 

cOJl\position anrl amount of reserves, differing costs of production and levels 

of technical advance as well as differences between each country's state of 

political and economic development, mean that joint activity has to be 

carefully planned1 especially where, as in the case of bacterial leaching, 

there is no precedent for c~peratio1a. However, it can be argued that these 

differences impose more constraints on co-operation in the area of minerals 

marketing - the traditional sphere for intercountry endeavours - than on 

technical projects. Anne·; III gives some more details of the characteristics 

of the minerals sector of Bolivia and Peru. 

Unilateral marketing action on the part of the mineral-producing 

countries is a more radical type of endeavour. To be effective such action 

requires the pa=ticipation of the majority of exporting countries. It 

involves greater political commitment and a higher level of decision taking at 

the country level. It can be argued also that, despite nationalization, the 

developing countries do not have sufficient control over their mineral 

industries (particularly in relation to technological aspects and project 

financing) to weather out possible international repercussions. Furthermore, 

the costs of 3uch an operation may be p~ohibitive1 it has been estimated that 

any copper stabilization scheme would require at least US$ 3 billion to be 
9"> I 

effective - 1 

In contrast, the advantage of collective strategies in the sphere of 

production tec.:hnology stems from their flexibility. Such projects can be 

designed by the developing countries themselves to include any number of 

countries and can involve varying degrees of integration. 

The scope for such co-operation is rooted in the fact that mineral 

zones do not respect political boundaries. So, although every mine site is a 

special case and the structure of each country's mineral sector is different, 

there will exist mutual mining and metallurgical problems in certain mining 

regions stemming from their shared physical base. 
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However, th~ necessity for commercial secrecy obviously places 

limitations on the ~xtent to which technical information can be exchanged1 

although the Andean P~ct Copper Project clearly demonstrated the advantages of 

joint seminar courses and training programmes. Apart from achieving economies 

of scale in contracting world experts, such meeti~gs, if well co-ordinated, 

enable the discussion of specifically chosen metallurgical problems. 

Problem-solving, through joint discussion, laboratory and field-work, however, 

seems dependent upon the establishment of an inform~l atmosphere of trust, 

~utua: support and the pooling of ideas. 

For this reason, it is important, for example, that all the 

participants stay in the same hotel and that meetings last for extended 

periods of time (i.e., two weeks to one month). Furthermore, such 

international encounters should involve visits to mine sites, if possible, in 

the countries where the participants work. It is essential that imbalances, 

through foc:ising or.ly on the prc..blems of the host country, are avoided. The 

sharing of technical reports and literature reviews were also very 

advantageous in the Copper Project. However, such activities need 

co-ordination. So bodies like the Andean Pact, or at least a subregional 

co-ordinator, can play an important role in the collection of information and 

its distribution to all interested groups. 

Due to subregio;1al geological similarities, which give rise to shared 

mining and metallurgical problems, there is much potential for subregional 

consultancy work in the area of bacterial leaching. For example, the more 

experienced CENTROMIN and INGE~T teams could have advised the Bolivian team 

while groups from Peru, Bolivia and Chile could undertake consultancy in 

countries like Colombia and Brazil which are just developing their mineral 

industries anti have plans to develop bacterial leaching technology. Most 

important, correlative leachability analyses carried out in countries iike the 

Andean Group, which have similar environmental conditions, would be much more 

reliable and cheaper than ones carried out thousands of miles away in the 

facilities of some developed-country institute or firm. These activities 

could be carried out either through direct contract er as part of a 

co-operative prograane. 
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Such activities vere not carried out in the Copper Project - mainly due 

to a lack of policy initiative than to a lack of technical or political 

fe~sibility. There vas 3 tendency in the Copper Project to formulate detailed 

policy for the transfer of technulogy from the developed ~ountries but to 

expect subregion31 co-operation to happen automatically. 

The most effective type of technical co-operation, at least at t~e 

initial stages vhen mutual trust has to be built up, is probably informal 

discussion a11K>nqst researchers and engineers. However, the formal 

bureaucratic ana exclusive nature of intercountry co-operation meetings, where 

often political representatives rather than technical experts are present, are 

not conducive to the real joint solution of metallurgical problems that 

particular researchers may encounter. 

Clearly there is a need to open up decision-making processes, to have 

frequent and e~tended intercountry meetings, to move projects around the 

geographic sphere of the co-operative agreement and perhaps to ~mploy a 

subregional co-ordinator if technology development in bacterial leaching is to 

be enhanced by subregional co-operation. 

Finally, 011 this point it should be emphasized that effective 

technology transfer processes between developing countries are often more 

gradual than originally envisagei, especially where no precedent exists. This 

means that the dynamic for their consolidation and continuation needs to be 

built into related policy so that the process can continue after projects 

officially end. For this reason it may be beneficial to obtain 3upport at the 

government level and formulate and obtain detailed long-term policy 

c01nmi tmen ts. 

2.2.2.2 Technol09y transfer from the developed countries 

Since the majority of conunercial bacterial leaching operations are 

suboptimal dumps, no general models exist upon which developing countries can 

base the design of optimized systems. The extent to which developed-country 

experts can contribute to technology development in bacterial leaching is thus 

limited by an experience which is mainly confined to solution management 

rather than system design or bacteria improvement. 'nlis explains why in the 

- - -·------~-~----~--~~-~--~~-~-----__...__ 



- 122 -

industrial field the majority of experts are chemical engineers. In contrast, 

most of the work on the microbiological aspects of leaching has been c~rried 

out in research institutes or universities by microhiologists with little 

focus on the engineering problems associated with scale-up to industrial 

application. 

While there are a few specialized international experts in bacterial 

leaching their rcle mainly has been to assess the leachability of ores on a 

short-term contract basis for large mining companies. Their involvement in 

technology transfer programm~s, as evidenced by the Andean Pact Copper 

Project, would thus tend to be biased towards the research rather than the 

industrial stages of bacterial leaching technology development. 

These discrepancies in the structure of bacterial leaching technology 

development in the developed countries help to explain why particular emphasis 

must be placec on microbiology, particularly at the industrial level, in 

technology transfer programmes. Similar reasons can be given for the 

neces~ity to emphasize mining engineering and geology in project policy foL 

bacterial leaching in developing countries. Since dump leaching systems are 

faits accomplis, in the sense that they have already been built and it is very 

expensive to cismantle and rebuild them, the co-operation of mining engineers 

to implement parameters for optimal construction is not relevant. Similarly, 

most dump and tailing reserves in the developed countries havP been either 

subject to geological ev3luation or their mineral content has been reliably 

estimated since stricter contr~ls were enforced and more detailed analyses 

undertaken at the time of mining and dumping. 

These limitations of developed countries as suppliers of bacterial 

leaching te~hnology create a special challenge to developing countries. This 

is because although a.11 the areas mentioned are important sources of 

technology, they have to be individually sought out, comhined and then 

adapted, alongside inputs of local origin, to the specific requirements and 

conditions of the proposed application. A well planned and technically 

informed policy approach to bacterial leaching technology development is thus 

imperative if bacterial leaching projects are to be effectively designed by, 

and optirually opera'C.ed in developing countries. 
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While foreign experts can effect a real transfer of tEchnology through 

training programmes accompanied by site visits, their own economic constraints 

{for example, the necessity to obtain more contracts) and their different 

conception of technology generation {based on their developed country 

experiences) can adversely affect technology transfer unless the project is 

w~ll and continuously co-ordinated. For example, in the Copper Projectr a 

four-pha5e training progranune, for completion in two years, was presented by 

the technolog:r supplier which included: { i) an introduction to bacterial 

leaching R an1l DJ (ii) an evaluation of the leaching potential of various 

mines1 (iii) the design of leach dumps and operation procedures1 (iv) the 

continuous evaluation of the leaching process. Eight years later the expert 

was still reconunending continuance of the role of his institute as a 

consultant and the monthly sending of progress reports and data to him for 

analysis. 

It emerges that an essertial capability is to know to what extent and 

in what areas information should be sought, from which experts it can be 

obtained and at what stage the co-operation should be terminated. This means 

that the co-ordinators of a bacterial leaching project need to have a sound 

technical knowledge, and sufficient time to monitor the transfer process and 

they must be in close contact with project personnel. Tney should be able to 

criticize and expand on the experts' proposals and recommendations and 

challenge the experts where necessary on the various issues arising from their 

reports. 

It emerged in th~ Copper Project that a greater amount of •real• 

technology transfer was realized by the university-based scientist. He kept 

up contacts with individual researchers and was apparently always available to 

advise on problems during the training seminars. The technology he 

transferred formed the basis for the adaptation by the Bolivian and Peruvian 

teams of bacterial leaching to other metallurgical problems1 for example, 

relating to marmatite, silver and arsenopyrite leaching. It is also 

interesting to note that the training which the INGEMMET researcher received 

at the University of Loire in Belgium through the OAS was instrumental in 

building up the technological capabilities required for the anticipative 

research undertaken on the Cerro Verde ore. Indeed, there is much evidence to 

indicate ~hat universities may be a crucial source of technology for 
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developing countries planning bacterial leaching. This is especially true 

when one considers that it is here where the majority of genetic engineering, 

microhiological and reactor design research is being carried out. 

Developing-country mining companies may thus be advised to forge links with 

universities specializing in bacterial leaching and not just mining companies 

or contract-oriented research centres. The potential of technology transfer 

from developed-cou~try universities specializing in genetic engineering has 

also been noted in relation to other biotechnology applications. Z1f 

The microbiological assessment of the leachability of ore is an 

important and integral task during the initial st~ges of a bacterial leaching 

project. Therefore related training should form a priority in any technology 

transfer programmesJ especially since sending samples abroad are costly, 

results are unreliable and the distance between the mine site and the 

institute or expert supplying the know-how reduces learni~y opportunities. 

These testing procedures could be lea=nt from experts in ~~iv~rsities, perhaps 

through sending grant-supported students for. short training periods or student 

exchange progranunes. It should be realized that it ls often students or 

technicians at the technology suppliers' base who carry out such testing and 

not the experts themselves. 

Negotiatiofi and the obtaining of information requires personal 

qualifications and confidence as well as a basic knowledge of the technology 

backed up by information provided by local engineering and consulting groups. 

All recOM111endations made by foreign experts need to he thoroughly checked. 

And it should be remembered that foreign bacteria are not •better• than local 

bacteria. Using indigenous bacteria and local mine water is a first step to 

optimization. Indigenous bacterial strains will have to be adapted over time 

to the particular chemical and biological characteristic of the local water 

and rocks - including the molybdenum and silver contents which are typical of 

the Andean porphyry bodies. 

While it is important to know when to terminate a technology transfer 

agreement, decision makers also should be in sufficiently close contact with 

the working teams to know whether or not the technology has been assimilated 

by the recipients and how an ongoing assimilation pr::icess can be accelerat'.!d. 

The analysis of the Copper Project indicated the necessity to include in the 

project policy mechanisms to ensure technology assimilation took place. For 
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example, junior members of the technology supplier's instilution could stay on 

to assist teams after consultancies, firms could undertake internal training 

courses, and technical knowledge could be consolidated and stored in 

accessible reports and manuals. 

The extent to which technology is assimila~ed also depends on the 

techrology recipients' existing capabilities and the extent to which they 

organize themselves to absorb these new inputs. For example, a mininq 

company's medical facilities could be expanded to include bacterial leaching 

research1 and, when trainee teams visit industrial plants each person could be 

responsible for obtaining specific infor1DC1tion which later can be combined to 

accelerate the group learning process. 

Fin&lly some comments can be made about aid supply and tP.Chnical and 

financial assistance. 

The Copper Project illustrated the importance of obtaining finance for 

long planning periods for projects in bacterial leaching. This was enabled 

through untied assistance from the IDRC in Canada. These planning phases 

should include visits to the technology suppliers' bases and industrial 

bacterial le~ching operations, surveys of potential sites of application, 

evaluations of the existing capabilities of potential technology development 

and, if appropriate, the negotiation of further financial and technical 

assistance for the development of the project itself. Assistance in 

negotiation and transfer procedures needs to be well co-orrlinated to avoid 

delays and errors. For example in Bolivia, the chosen team was released from 

its usual duties to work on the Copper Project over a year before the delayed 

equipment arrived and funding for training was available. A •shopping list• 

appro~ch by suppliers of technical assistance, as was adopted in the Andean 

Pact C.Opper Project, is inappropriate and will tend to inhibit the utilization 

of local technical inputs unless it is accompanied by policy aimed at 

developing capabilities in technology search, technical choice and negotiation 

procedures. 

Thus, while the pri.1ciple of untie<i assistance is very important for a 

particular proj!"Ct in a new area like bacterial leaching, it probably need~ to 

be accompanied by po~ir.v mechanisms to ensure engineers and management have 

the necessary information to ~ake optimW'D decisions, that is, policy or 

guidelines prepared by the recipients themselves. 
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2.2.3 The environmental and social context of bacterial '.eaching 
applications in the minerals industry 

The research undertaken on the Andean Pact Copper Project indicated 

that people are either instrumental in the development of bacterial leaching 

projects or affected by its application. These issues were dealt with in 

terms of pollution effects, the turnover of personnel, the consolidation and 

diffusion of technological capabilities and existing problems of r~source use 

and social relations at work. None of these issues receive adequate treatment 

in either the policy of the Andean Pact Copper Project or in the general 

literature. 

The leaching bacteria themselves are not known to be toxic to humans. 

However, the environment in which they flourish (and which they help create) 

- highly acidic mine wQter - is highly pollutant if it is permitted to enter 

drainage waters. The creation of these acidic waters happens naturally in the 

mine environment where the leaching bacteria are ubiquitous. Therefore, one 

important advantage of the controlled application of bacterial leaching 

technology is the prevention of this pollution through the recovery of the 

dissolved metals. Indeed in some cases it may be feasible to recover 

dissolved metal ions solely to prevent metal and acid pollution rather than 

for their intrinsic economic value. However, this also implies that solution 

losses from the leaching circuit are highly dangerous. Ground surfaces should 

therefore be well prepared and information obtained about underlying soils and 

hydrogeology. 

It is difficult to estimate the savings bacterial leaching could offer 

through the prevention of pollution, especially since many developing 

countries have no or few pollution regulations. However, the Governments of 

Bolivia, Peru and Chile spend thousands of dollars every day adding chemicals 

to the water supplies of their major cities to treat the acidic and metal-rich 

effluents entering the major servicing rivers from mining regions in the 

mountains above. And the prevention of such acidic po~lution is one of the 

principal reasons for the implementation of bacterial leaching and metal 

recovery projects at ~erro de Pasco in Peru and Los Bronces in Chile. The 

analysis of the Copper Project indica:ed the fundamental input that technical 
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knowledge makes to technology policy formulation and project planning 

impiementation and co-ordination. The Project's Co-ordinator was a 

metallurgist vhG had direct production experience as well as expertise in 

tecr.nology policy formulation. Alt~ugh he was based in the Andean Pact 

offices, he was able to make links directly with the firms, encourage the 

teams, resolve problems and co-ordinat~ the technology transfer process. 

Based on his evaluative research of the technology suppliers in the planning 

phase, he was able to check that the maximum aDK>unt of information was 

transferredJ however after he and other key personnel left, the project 

suffered setbacks. This indicates the necessity to accumulate and consolidate 

both the technical and policy capabilities within organizations, rather than 

persons, so that the fact that people move on increases technology diffusion 

rather than stops projects. 

Turnover of personnel is not necessarily a negative phenomenon. It can 

be an important mechan\sm to ensure technology diffusion, the training of new 

people and thus the consolidation of the technology developed within the 

country. But for these goals to be realized specific policy mechanisms need 

to be adopted which throughout the project should entail the frequent writing 

of technical reports, the compilation of research procedure manuals, internal 

training programmes and the r.onanunication of information to all interested 

groups. 

Finally, any policy for the development of a bacterial leaching project 

should be alert to the pos~ible social consequences of its application. 

Policy should be devised for the identification of any likely detrimental 

effects. If these are envisaged they should be resolved in collaboration with 

the people concerned. 

The analysis of the Tasna and Pailaviri projects in Bolivia indicate 

that it is essential to carry out a preliminary evaluation of existing 

patterns of resource use. In Bolivia there are women miners working dumps for 

minerals (since they are not paid compensation for their husbands' deaths from 

mining acciden~s and diseases) at a much lower wage than male workers and 

without the social b~nefits to which the men are entitledJ and family 

operators recuperating tin from mine water and streams, emanating from the 
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mines or into which tailings have been duaped, vhich is then sold back to the 

firm. These activities are deeply interwoven within the mining economy of 

that country so that a cheap informal labour force seems to be inhibiting the 

necessity for major technical change and investment in modernization. COMIBOL 

has not opened a new mine since its establishment over thirty years ago1 most 

of its plant and equipment date back beyond t.~en and only about 57 per cent of 

the tin which is mined is recovered at the plant site due to obsolete plant 

and equipment. 

This complex area requires much more study before any policy 

suggestions can be made. However it emerged clearly from the research that 

these groups of people, who ace well organized at each mine site, should be 

involved in any decision making relating to the utilization of these 

resources. In the case of the women miners the work is highly dangerous, 

since the dumps are unconsolidated, and the 30 cents or so they receive daily, 

in contrast to the daily dollar rate received by male miners, is no substitute 

for the compensation they should be paid and social benefits they should be 

afforded. 

Any policy response should therefore include the payment of adequate 

comper1sation and the creation of more humane and better paid work alternatives 
* through, for example, planned mine expansion programmes. Indeed an 

overall policy requirement, which relates to people, emerging from this 

research is the necessity to open up decision making processes. If a 

multidisciplinary team is to work together with researchers in close contact 

with production personnel there needs to be a full participation by these 

people in project planning and related decision making. Co-operation at the 

trade-union level would therefore be necessary. Frequent team meetings and 

the obligatory communication of information to both interested and affected 

groups is thus essential. 

* For example, planned mine expansion programmes which would 
incorporate these •informal• workers into the formally employed labour force 
entitling them to stable (albeit low) wages and some (albeit presently 
inadequate) social benefits. 
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2.3 Conclusion and some recoDDendations for further work 

Emerginq environmental and economic trends are combinir.g to create a 

new technological context within which new mineral projects will be developed 

and existinq ones will have to adapt to remain viable. This is having the 

effect of increasing the complexity and number of possible process routes 

available for mining and metal recovery. Furthermore, with the increasing 

necessity to recover by-products, pollutant elements and marginal ore, these 

process routes will be more closely determined by the geological specificities 

of each mine site. 

As a consequence of this, and in the light of foreseeable advances in 

biotechnology, it is argued that bacterial leaching can contribute to broaden 

this ranqe of process routes. Bacterial leaching can be applied not only to 

the traditional dump system but also to optimally designed heaps of marginal 

ore and concentrates as well as a series of previously unresolved problems in 

sulphide metallurgy. 

The linking of biotechnology, mining and metallurgy imposes a new set 

of demands on the minerals industry. Foe example, multidisciplinary teams and 

closer links between research and production are required both at a national 

level and within the firm. There i~ also a need for wider decision making 

processes and a consideration of the environmental and social context of the 

technology's applicationJ while, the nature of international technology 

transfer in this field is determined by the fact that virtually all commercial 

bacterial leaching operations in the developing countri~s are suboptimal dump 

systems and most of the related microbiological research is concentrated in 

institutes or universities. 

As an alternative, or more exactly as an additional process route, the 

development and ~pplication of bacterial leachinq technology in developing 

countries would therefore seem to pose challenges in two interrelated areass 

(i) Maximizing the benefits of international technology transfer both 
from developed countries and between developing countries1 

(ii) Technolog~ assimilation, adaptation and generation. 
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Given the context in which new mineral projects will be developed, and 

accepting that bacterial leachinq will not be appropriate in every case, it is 

concluded that there are important benefits to be gained by the developing 

countries in rising to meet this challenge. 

Firstly, the application of this technology enables the recuperation of 

normally unrecovered mineral values at relatively low marginal cost, the 

solution of certain metallurgical problems and the reduction of natural 

pollution. 

Secondly, it is possible to identify a tendency inherent within the 

development of efficient bacterial leaching technology ~hich leads to the 

localization of related technical change processes. This is because of the 

intrinsic necessity for local capability accumulation and utilization if the 

natural leaching process is to be optimized. Two principal reasons for this 

emerged from the researchJ they are: 

(i) The essenti~l input which site-specific m1n1ng, mineralogical 
metallurgical and geographical knowledge forms during the design, 
implementation and optimization of bacterial leaching projects1 

(ii) The unreliability and impracticability of trying to develop 
parameters to optimize the environment-sensitive activity of the 
leaching bacteria outside of the production sector and away from the 
intended site of application. 

The undertaking of such projects thu~ enhances control over technical 

change through a more substantive local participation in the process and, if 

the capabilities are consolidated, provides a dynamic for both technology 

diffusion processes and the application of the capacity to other areas of 

technology development in the minerals industry. Furthermore, the ongoing 

requirements involved in optimizing bacterial leaching operations similarly 

stimulate the accumulation of indigenous capabilities to effect incremental 

technical change which again leads to increased local participation in mineral 

production. 
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In the case of bacterial leaching technology development in the Andean 

region this was manifested in the clear trend for firms and institutes to 

reorganize themselve& in order to efficiently dev~lop and implement bacterial 

leaching projects. This involved the translation of the technical change 

activities, in some cases in spite of the policy, not just to the industrial 

sector but also closer to the production division within the firm. 

However, it cannot be overemphasized that the precise biochemical 

mechar.isms at work and the detailed char&cteristics, including the genetics of 

the leaching bacteria themselves are still inadequately understood. This 

means the potential for optimization still has to be realized. Furthermore, 

there is a corresponding lack of knowledge about the full nature and extent of 

mineral reserves to which the process can be applied. As a consequence, at 

this stage, it is impossible to determine with accuracy the economic impact 

that bacterial leaching may have on the minerals sector of developing 

countries. 

In the light of this, some recommendations are made which identify 

general areas where work is required to complement the project policy outlined 

above, if th~ potential bacteLial leaching offers to the mineral-producing 
* developing countries is to be reliably assessed. 

(a) Inventories cuuld be compiled of existing dumps which include 

their mineral contents and microbiol013ical characteristics. This would 

require a programme of systematic geological evaluation and microbiological 

field-work. A survey of existing patterns of resource use (i.e. mine water 

and dumps) could complement this. The specific needs of developing countries 

in this area can be defined and research programmes design~d and implemented 

in cc-operation with industry, 

(b) Existing genetic engineering research programmes could be explored 

to determine the necessary mechanisms required to expand them to include work 

on leaching bacteria1 

* The reco111J11endations are of a general nature. In section 1.4.3, 
a list is presented of specific technical areas which require more research. 
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(c) Research could be carried out in the developing countries to 

establi&h the potential bacterial leaching offers for the resolution of other 

metallurgical problems like gold-bearing pyrite ores and arsenic-contaminated 

copper concentrates. Technology development projects at either a national or 

r£-CJional level could be planned accordinglyJ 

(d) Given that the technology required to optimize ~acterial leaching 

processes is largely disembodied, an international information system could be 

set up to aid technology search in this area. This could list experts, 

research centres and industrial bacterial leaching operations, and make 

available details concerning expertise, experience and conditions f~r 

technology transfer. It could include staff to investigate the international 

state of the art of technology development in bacterial leaching and to 

compile and update related literature from both the academic and industrial 

press. Such a centre could also help to set up and co-ordinate consultancy 

work to be undertaken by already specialized groups in be\cterial leaching in 

the developed and developing countries1 

(e) Funds could be provided for international workshops to train 

developing-country researchers and engineers. Grants could be provided for 

training or research fellowships at universities and institutes specializinq 

in bacterial leaching. A fund could be established to enable developing 

country e~perts in bacterial leaching to attend the increasing number of 

international conferences in this field. Visiting experts could be funded in 

such a way as to obtain economies of scale through the undertaking of regional 

consultancies rather than visits to one country only1 

(f) An inventory could be compiled of existing small-scale 

operations. These could be assessed to discover whether there exists a 

microbiological component (i.e. through microbiological analyses of the leach 

solution and local mine water)1 and, if there does, mechanisms could be 

devised to co11111unicate to operators (who may not read) how optimization can be 

achieved1 
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(g) International meetinqs could be held to inform national mining 

companies and research institutes of the potential of bacterial leaching and 

the advantages of undertaking both geological surveys of their dumps and 

marginal ore and anticipative research on the leachability of local ores. 

'Ibis could include all countries presently producinq from, or planning to 

develop sulphide mineral deposits. These meetings may be held best at ~ 

subregional level so that mining companies and research institutes working in 

similar mineral zones can be brought together. 

Overall it is concluded that the potential for applying biotechnology 

to the minerals industry of developing countries is both promising and 

positive. However, if the benefits offered by optimized bacterial leaching 

projects are to be harnessed to contribute to the development of the ainerals 

sectors of developing countries there emerges a clear necessity for a 

technology policy approacn. 

It is hoped that this paper helps in some way to provide useful 

suggestions and ideas for the components of such a technology policy. 



- 134 -

Notes 

.!/ See also R.F. Mikesell, The world Copper Industry Structure arid 
Economic Analysis {Baltimore, Maryland, John Hopkins Press, 1979)1 and 
A. Warhurst, A Study of the Major Copper Producing Developing Countries in 
Relation to the World Copper Industry, mimeo {Brighton, Science Policy 
Research Unit, University of Sussex, 1980). 

1./ L.E. Murr, •Theory and practice of copper sulphide leaching in 
dumps and in situ•, Minerals Science Engineering, vol. 12, No. 3 {July 1980). 

Y A.R. Colmer and M.E. Hinde, •The role of microorganisms in r.iine 
drainage. A preliminary report•, Science, vol. 106 (1974), pp. 253-255. 

~ A. Bruynesteyn and J.R. Copper, •Leaching of Cananea ore in test 
dumps• in F.F. Aplan, W.A. McKinney and A.O. Pernichele, eds., Proceedings of 
103rd AIME Annual Meeting, Dallas, February 1974, pp. 268-292. 

5/ P.M.J. Gray, •ore processing for the 80's and 90 1 s•, Mining 
Magazine, June 1980. 

ii M.J. Cahalan, S.E. Woods and J.F. Castle, •some aspects of the 
changing technology of extraction of copper from sulphides•, Minerals and the 
Environment, Paper 15, June 1974, and I.e. Herbert and J.F. Castle, 
•Extractive Metallurgy•, Mining Annual Revie~, 1981. 

J.J M.J. Cahalan, S.E. Woods and J.F. Castle, op. cit. and 
L.A. Adorjan, •Mineral Processing•, Mining Annual Review, 1981 • 

.!!./ R.O. McElroy and A. Bruynesteyn, •continuous biological leaching 
of chalcopyrite concentrates: demonstration and economic analysis•, in 
L.E. Murr, A.E. Torma, and J.A. Brierley, eds., Metallurgical Applications of 
Bacterial Leaching and Related Microbiological Phenomena {New York, Academic 
Press, 1978), pp. 441-462. 

2/ M.J. Cahalan, S.E. Woods and J.F. Castle, op. cit., 1974, and 
P.M.J. Gray, op. cit, 1980. 

!QI E. Oak •Lixiviaci6n bacterial de minerales en pilajbotade10•, 
paper p~esented at the Intern3tional Symposium on the Current Technology of 
Copper, held at Bucaramanga, Colombia, in December 1982 • 

.!!./ For more details, see C.L. Brierley, •eiogenic extraction of 
uranium from ores of the Grants region• in L.E. Murr, A.E. Torma and 
J.A. Brierley, eds., op. cit., 1978, pp. 345-363. See also C.L. Brierley, 
•Microbiology and mining - practices and problems•, New Mexico Geology, 
vol. 1, part 3 (1979), pp. 33-36, 40 and A. Bruynesteyn, and D.W. Duncan, 
•Microbiological Leaching of Uranium• New Mexico State Bureau of Mines and 
Mineral Resources, Circular No. 117 (1971), pp. 55-61. 

1l/ A.W. Fletcher, •Metal winning from low-grade ore by bacterial 
leaching•, Transactions/Section c. of IMM {London, Institute of Mining and 
Metallurgy), vol. 79, 1970, pp. 247-252. 



• ------
- 135 -

13/ R.E. Cripps, •The recovery of metals by microbial leaching•, 
Biotechnology: a Hidden Past, a Shining Future, Proceedings of 
13th Internation31 TNO Conference, The Hague, 1980, pp. 102-115 • 

.!.!/ C.L. Brierley, •Microbiology and mining - practices and 
problems ••• • op.cit., 1979. 

15/ R.E. Cripps, op. cit. and P.M.J. Gray, cp. cit, 1980. 

16/ C.L. Brierley, •Microbiological mining•, Scientific American, 
August 1982, pp. 44-53. 

}:]../ D.P. Kelly, J.R. N0rris and C.L. Brierley, •Microbiological 
methods for the extraction and ~he recovery of metals• in S.T. Bull, 
o.c. Ellwood and C. Ratledge, eds., Microbial technology: current state and 
future prospects, (Cambridge University Press, 1979), pp. 263-308. 

18/ C.L. Brierley, •Biogenic extraction of uranium ••• •. 

19/ P.R. Dugan and W.A. Apel, •Microbial desulphurization of coal• in 
L.E. Murr, A.E. Torma and J.A. Brierley, eJs., op. cit., 1978, pp. 223-250. 

20/ United States Bureau of Mines, 1981J and W. Gluschke, J. Shaw and 
B. Varon, Copper: The Next Fifteen Years. A United Nations Study, 
(Dordrecht, D. Reidel Publishing Company, 1979). 

~ w. Gluschke, J. Shaw and E. Varon, op. cit., 1979. 

22/ Evolucion y Persrectivas del Sector Minero en America Latina, 
a paper submitted to a seminar orgaitized by the Economic Corwission for Latin 
America, held at Bogota, Colombia, in June 1982 (E/CEPAL/SD-1.3/R.4). 

~ Open University, •Porphyry Copper Case Study•, Open University, 
533PC, Milton Keynes, United Kingdom, 1976. 

~/ 

25/ 
Countries: 
p. 189. 

Mining Magazine, January 1982. 

M. Radetzki and S. Zorn, Financing Mining Projects in Developing 
A United Nations Study (London, Mining Journal Books Ltd., 1979), 

Personal communication with A. Bruynesteyn. 

27/ P.N. Rangachari- et al., •Bacterial leaching of copper sulphide 
ores• in L.E. Murr, A.E. Torma and J. Brierley, eds., ~i~., 1978, 
pp. 427-439. 

~ I.J. Corrans, B. Harris and B.J. Ralph, •Bacterial leaching: 
an introduction to its application and a study of its mechanism of operation•, 
JSAIMM, March 1972, pp. 221-230. 



- 136 -

29/ General reviews include: C.H. Tuovinen and D.P. Kelly, •Biology 
of T. ferrooxidans in relation to the microbiological leaching ot sulphide 
ores•, Zeitschrift filr Allgemeine Mikrobiologie, vol. 12, No. 4, 1972, 
pp. 311-346. G.I. Kataivko, S.I. Kuzetsov and A.E. Golonizik, The Bacterial 
Leaching of Metals from Ores. {Stonehouse, Gloucestershire, Technicopy, 
1977). c.L. Brierley, •Bacterial leaching•, CIC Critical Reviews in 
Microbiology, vol. 6, issue No. 3 {November 1978), pp. 207-262. 

lQ/ D.P. Kelly, "Extraction of metals frOll\ ores by bacterial 
leaching: present status and future prospects• in H.G. Schlegels and 
J. Barnea, eds., Microbial Energy Conversions, 1976, pp. 329-338. A.E. Torma, 
•The Role of Thiobacillus Ferrooxidans in Hydr<'llletallurgical Processes•, in 
•Advances of Biochemical Engineering•, vol. 6, 1377, pp. 1-37. 

31/ D.P. Kelly, et al., •Microbiological methods for the extracti~n 
and recovery of metals•, op. cit., 1979. 

32/ A.R. Colmer and M.E. Hinde, •The role of microorganisms in mine 
drainage ••• •. 

~ A.E. Torma, op. cit., 19771 O.H. Tuovinr.n and D.P. Kelly, 
Op. cit. I 1972. 

C.L. Brierley, •Biogenic extraction of uranium • . . . . 
~ G.E. Markosyan, •A new mixotrophic >ulphur bacterium developing in 

acid media, Thiobacillus organopan•s Sp nov. •, Doklady Akademii Nauk, 1973 
Moscow, USSR, 211, 1205 - {Eng. trans. pp. 318-320). R. Guay and M. Silver. 
•Thiobacillus Acidophiles, Sp nov1 isolation and some physiological 
characteristics•, Canadian Journal of Microbiology, vol. 21 (1975), 
pp. 281-288. D.P. Kelly, •Microbial ecology• The Oil Industry and Microbial 
Ecosystem {United Kingdom, Institute of Petroleum, 1978). P.R. Norris and 
D.P. Kelly •Toxic metals in leaching systems• in L.E. Murr et al., op. cit., 
19781 D.P. Kelly et. al., op. cit., 1979. 

l!f J.A. Brierley and N.W. Le Roux, •A facultative thermophil~c 
thiobacillus-like bacterium: oxidation of iron and pyrite•, in w. Schwartz, 
ed., Conference on Bacterial Leaching 1977 held at GBF, Braunschweig, Federal 
Republic of Germany, 24-26 March 1977 {Verlag Chemie, 1977), p. 270. 
R.S. Golovacheva and G.I. Karaivko, •A new facultative thermophilic 
thiobacillus isolated from sulphide ore•, Microbial Growth on c. Compounds 
{Abstracts) {Moscow, USSR Academy of Sciences, 1977), pp. 108-109. 
J.A. Brierley and C.L. Brierley, •Microbial leaching of copper at ambient and 
elevated temperatures•, in L.E. Murr, A.E. Torma and J. Brierley, eds., 
.2£.:_cit., pp. 477-480. J.A. Brierley and S.J. Lockwood. •'n\e occurrenc~ of 
thermophilic iron-oxidi~ing bacteri~ ir. a copper leaching system•,~ 
Microbiology Letters, 1977, vol. 2, pp. 163-165. N.W. Le Roux, o.s. Wakerley 
and s.o. Hunt, •Thermophilic thiobacillus-type bacteria from Icelandic thermal 
areas•, Journal of General Microbiol09y, vol. 100 (1977), pp. 197-201. 
C.L. Brierley, •eiogenic extraction of uranium ••• •. 

llJ See G.I. Karaivko, S.I. Kuzetsov dnd A.E. Golonhik, op. cit., 
1977. 

----



- 137 -

38/ C.L. Brierley and L.E. Murr, •Leaching: use of a thermophilic and 
chemoautotrophic microbe•, Science, vol. 179 (1973), pp. 488-490. 
C.L. Brierley, •Molybdenite-leachinc;z use of a high temperature microbe•, 
Journal of Less ColllllOn Metals, vol. 36, 1974, pp. 237-240. c. Brierley, 
•Biogenic extraction of copper and molybdenum at high temperature•, New Mexico 
Bureau of Mines and Mineral Resources, Report No. OFR 10 (1976). 
C.L. Brierl~y, •Thermophilic microorganisms in extraction of metals from 
ores•, Developments in Industrial Microbiology, vol. 18 (1977), pp. 273-284. 
C.L. Brierley, •Biogenic extraction of uranium ••• •. 

l!lj D.P. Kelly, et al., •Microbiological methods for the extraction 
and recovery of metals•, op. cit., 1979. 

!QI O.H. Tuovinen and D.P. Kelly, •use of micro-organisms for the 
recovery of metals•, International Metallurgical Reviews, vol. 19, (1974), 
pp. 21-31. 

!!/ R.E. Cripps, •The recovery of metals by microbial l~aching • 

42/ T.D. Brock and J. Gustafson, •Ferric iron reduction by sulphur -
andiron-oxidizing bacteria•, Applied and Environmental Microbiology, vol. 32 
(1976), pp. 567-571. 

~ See C.L. Brierley, •Biogenic extraction of uranium ••• •. 
D.P. Kelly et al., op. cit., 1979 and R.E. Cripps, •The recovery of metals by 
microbial le~ching ••• •. 

!!I L.E. Murr, •Theory and practice of copper sulphid~ leaching ••• •, 
~cit. 

~ J.V. Beck, •chalcocite oxidation by concentrated cell suspensions 
of Thiobacillus ferrooxidans• in w. Schwartz, ed., Conference on Bacterial 
Leaching 1977, held at Braunschweig, Federal Republic of Germany, 24-26 March 
1977, (New York, Verlag Chemie, 1977), pp. 119-128. 

~ D.P. Kelly, et al., op. cit., 1979. 

~ D.W. Duncan, et al., •Recent advances in the microbiological 
leaching of sulphides•, Society of Mining Engineers, Translation, June 1967, 
pp. 122-1281 and D.P. Kelly et al., op. cit., 1979. 

~ R. Derry, K.H. Garret, N.W. Le Rou~ and s.E. Smith. 
•A bacterially assisted plant process for leaching uranium ores•, 
International SymposiUJll on Geology, Mining and Extractive Processing of 
Uranium (London, Institute of Mining and Metallurgy, 1977), pp. 56-62. 

~ D.P. Kelly, et al., op. cit., 1979. 

2.Q/ Detailed discussions of the mode of attack, and of the more 
complex biological reactions underlying bacterial catalysis in the leaching 
environment, can be found in D.P. Kelly et al., op. cit., 19791 L.E. Murr, 
•Theory and practice of copper sulphide teaching ••• •and, especially, 
C.L. Brierley, •Biogenic extraction of uranium ••• •. 

,-._.I 



r:;1 I 
~, 

tf'le1u· .. h;v~ 
----··-~-· 

- 138 -

in L.E. Murr, A.E. Torma and J.A. Brierley, eds., op. cit., 1978, pp. 365-374. 

2£1 L.E. Murr and J.A. Brierley, •The use of large-scale test 
facilities in studies 0f the role of microorganisms in commercial leaching 
operations•, in L.E. Murr, A.E. Torma and J.A. Brierley, ees., op. cit., 1978, 
pp. 491-520. 

~ G.I. Karaivko, et al., op. cit., 1977. 

54/ D.P. Kelly et al., op. cit, 1979. 

~ E.E. Malouf and J.D. Prater, •The role of bacteria in the 
alteration of sulphide minerals•, Journal of Metals, vol. 13, no. 5 (1961), 
pp. 353-356. G.I. Karaivko, S.I. Kuzetsov ard A.E. Golonizik, op. cit., 1977, 
and L.E. Murr, •Theory and practice of copper sulphide leaching ••• •. 

~ A. Bruynesteyn and o.w. Duncan, •The practical aspects of 
laboratory leaching studies• in w. Schwartz, ed., op. cit., 1977, pp. 129-137. 

~ L.E. Murr and J.A. Brierley, •The use of large-scale test 
facilities ••• •op. cit., 1978. 

2!!J C.L. Brierley, op. cit., 1978. 

~ J.V. Beck, op. cit., 1977, •chalcocite oxidation ••• • in 
w. Schwartz, ed., Cor.ference on Bacterial Leaching, op. cit. 

60/ C.L. Brierley, op. cit., 1978. 

6l/ A. Pinches, •Bacterial leaching of arsenic-bearing sulphide 
concentrate• in A.R. Burkin, ed., Leaching and Reduction in Hydrometallurgy 
(London, Institute of Mining and Metallurgy, 1975), pp. 28-35. 

62/ J.E. Zajic, Microbial Biogeochemistry (New York, Academic Press, 
1969). 

!1f D.L. Jones and E. Peters, •The leaching of chalcopyrite witl1 
ferric sulphate a~d ferric chloride•, in J.C. Yannopoulos and J.C. Agarwal, 
•Extractive Metallurgy cf CoPiJer, vol. 2: Hydrometallurgy and Electrowinning• 
(New York, American Institute of Mining Metallurgical and Petroleum Engineers, 
1976), pp. 633-653. 

~ H.L. Ehrlich and S.I. Fox, •Environmental effects on bacterial 
copper extraction from low-grade copper sulphide ores•, BiotechnologY 
Engineering, vol. 9 {1967), pp. 471-483. 

g/ Ibid. 

!§I H.R. Spedden, E.E. Malouf and J.D. Prater, •use of cone-type 
precipitations to recover copper from copper bearing solution• in American 
Institute of Mining, Metallurgical and Petroleum Engineers, Transactions of 
the Society of Mining Engineers, vol. 23~, (1966), pp. 432-438. 

---



- 139 -

67/ V.K. Berry and L.E. Murr, •oirect obServations of iJacte1.id <'Im::. 

quantitative studies of their catalytic role in the leaching of low-grade, 
copper bearing waste• in L.E. Murr, A.E. Torma and J.A. Brierley eds., 
op. cit., pp. 103-136 • 

.§.!!.! O.H. Tuovinen, S.T. Niemela and H.G. Gyllenberg, •Tolerance of 
Thiobacillus ferrooxidans to some metals•, Journal of Microbiology and 
Serology, vol. 37, (1971), pp. 482-496. 

69/ H.L. Erlich and S.I. Fox, 2£: cit., 1967. 

70/ H.M. Tsuchiya, N.C. Trivedi and M.L. Schwer, •Microbial mutualism 
in ore leaching•, Biotechnology, Bioengineering, vol. 16, (1974), pp. 91-101. 
N.C. Trivedi and H.M. Tsuchiya, •Microbial mutalism in leaching of Cu-Ni 
sulphide concentrate, •International Journal of Mining Processing, vol. 2 
(1975), pp. 1-14. 

71/ A.P. Mehta, A.E. Torma and L.E. Murr, •Effect of environ.~ental 
parameters on the efficiency of biogradation of basalt rock by fungi•, 
Biotechnology Bioengineering, vol. 21 (1979), pp. 875-885. 

J.11 E.E. Malouf and J.D. Prater, •New technology of leaching waste 
dumps, Mining Congress Journal, vol. 48, no. 11 (1962), pp. 82-107. 
J.T. Woodcock, •eopper waste dump leaching•, Proceedings of the Australian 
Institute of Mining Metallurgy, no. 224, 1967, pp. 47-66. 

L.E. Murr, •Theory and practice of copper sulphide leaching • 

~ H.W. Sheffer and L.G. Evans, •copper Leaching Practices in Western 
United States, United States Bureau of Mines, Information Circular 8341, 1968. 

I2f E.E. Malouf and J.D. Prater, •New technology of leaching waste 

dumps • . . . . 
~ A. Bruynesteyn and o.w. Duncan, •aiological leaching of sulphide 

ores•, paper prepared for the Working Group on Means of Exploiting Low Grade 
Ores, New York, United Nations, April 1972. Indeed, this was the approach 
taught to the teams in the transfer of technology prograrmne of the Andean Pact 
Copper Project. 

]]./ A. Bruynesteyn and D.W. Duncan, •The practical aspects of 
laboratory teaching studies ••• •. 

~ G.I. Karaivko, et al., op. cit. 

"1!lJ B.P. Ream and J.S. Jackson, •solution management in dump 
leaching•, in W.J. Schlitt, ed., Leaching and Recovering Copper from As-Mined 
Materials (New York, American Institute of Mining, Metallurgical and Petroleum 
Engineers, 1980). 

L.E. Murr, •Theory and practice of copper sulphide leaching 

.fill A. Bruynesteyn and D.W. Duncan, •The practical aspects of 
laboratory teaching studies ••• •. 

• . . . . 



- 140 -

• L.E. Murr, •Theory and practice of copper sulphide leaching . . . . 
!lf L.E. Murr, ibid. 

~ R.S. Shoemaker and R.M. Darrah, •The economics of t.eap leaching•, 
Mining Engineering, vol. 20 (1968), pp. 68-70. L.M. Cathles and W.J. Schlitt, 
•A model of the dump leaching process that incorporates oxygen balance, heat 
balance, and two dimensional air convection• in W.J. Schlitt, ed., op cit., 
?P· 9-27. 

~ S.N. Groudev, F. Genchev and S.S. Gaidarjiev, •observations in the 
Microflora in an Industrial Copper Dump Leaching Operation• in L.E. Murr, 
A.E. Torma and J.A. Brierley, eds., op cit., 1978, pp. 253-274. 

86/ A.M. Chakrabarty, •Genetic Mechanisms in Metal-microbe 
Interactions• in L.E. Murr, A.E. Tana and J.A. Brierley, eds., op. cit., 1978. 

87/ D.P. Kelly et al., op. cit., 1979. 

~ A.M. Chakrabarty, •Genetic Mechanisms in Metal-microbe 
Interactions ••• •,op. cit. 

!!f O.H. Tuovinen and D.P. Kelly op. cit., 19721 C.L. Brierley 
op. cit., 1978J D.P. Kelly et al., op. cit., 1979. 

2..Q1 Grupo de Politica Tecnol6gica de la ~unta del Acuerdo de 
Cartagena, Recomendaciones para el Desarrollo de un Programa de Lixiviacion de 
Minerals Marginales de Cobre en Peru, Chile y Bolivia (J/AJ/15), 
12 September 1982. 

91/ Junta del Acuerdo de Cartagena, Proyectos Andinos de Desarrollo 
Tecnol0gico en el Area de la Hidrometalursia del Cobre (J/GT/12) , 2 
September 1974. Ibid., Proyectos Andinos de uesarrollo en el Area de la 
Hidrometalurgia del Cobre, (Decisions 86 y 87 de la Comision del Acuerdo de 
Cart!!gena), J/GT/16/Rev. 1, 12 June 1975. 

~ A. Warhurst, A Study of the Major Copper Producing Developing 
countries in Relation to the World CopPer Industry ••• , op.cit., 1980. 

21J UNIDO, •eomrnercialization of genetic engineering technologies: 
some considerations•, Vienna (UNIDO/IS.272, 1981) • 

...... _ 



.------, 
I c.anc-.- I 
: -. I L ____ J 

--,-_..,l __ ---, r---l- --~---
1 l<•nc s..-.: I I Ant~ I 
I Aod~-.no I 1 "-'lll~t 

~~~~1· ~:_i t.:.;.r-·_: 
.---- ---1 r--- - --1 
I Su'°""' I l._,, S:.: I 
I •ndR~.e I i S-- I 

I Low-P._,,. I 
I Sulohunc Aad ____ 1 ~-----• ... , Leach.no I 

Iapaet 
Millin« 

• 

I 
• 

~--1":-.J L_ __ r ___ J r--- - --, 

...... ~10 .... 0i .J 'c..p - G.r>QUt L _ - - --
:- - ~.: :;,- -: t-' +-- ............. ____ _, . 
I NO,~.,.,,, I -

POSSIBLE PROCESS ROUTES FOR 

. I ,\..-~..J~.: ... .:....: 

\Mdl 

r 
I 
I 
I 

' 

110 90·c 
Vogo.o.a~ 

~c.:""4. 

• 

I 
I 

Sot<! LCU'C 
~~·~·.:>·~ 

l..lnlUCt>rO s-
10 $1N'fte-r 

.--Sai.d~-1 I 
I S.--- I 

:.~....:...,: L 

I 
I 
I 
I 
L 

f 

' I 
l 

--
L-~~--.J 

---- -------I Sulo~E•cns I ------ ----- • - T . ____ r __ .J • • .-s.";;.,l:;,;-, 
,__ - -~+---- - -- _ _J l ~"'"'" ot I 

F ; Su1o;;~.,;m~ I 

,--- --, 
·t-~: 
I ""' I 

L _____ J 

;-~ l~..,- -, , L ______ J--.----...J~---------::::== 
~n-=~=,:~~•:a! I I ----------rof~Sr.ogo I I 

·----.... ---.J ,._,o I 

FE:- i 

I~ I 

·--- __ .J I 

I I 

I I 
L_ ___ _L_._,. ------

SECTION 1 



: :BLE PROCESS ROUTES FOR THE PROOUCTICJi OF CCWPER ASSLMING CHAlCOPYRITE FEED 

-~-------,----------r-------------------------------.... ---------..,.t"----------
..lr-.rnor-i ~"-=~ 

IAKtl ., 111·c 
v~~ 

~c.~ . 

• 

I 
Sate LQU<C 

~""'"°" ~5--
105-

r--- ---, 
I eonc.nv- I 
I~ I 
I !11!15'1o-J2!>- I 

-- _J 

.--- --., 
I H'll"P- I 

s,-..oeAod I 
Femc:C,__ 
L•Kflla&-C 

"'""""""".: ,.,_ 

•rt"' A«ve'e'of I P-'-" • _ 1 _ ---. _ ----
I 1P•rt-Luched1 I I 

r---- ---, 
I Reduc10t I 

L __ R~I~_J 

r--- ---, 

: ~ ·11 L ______ ..J 

·----.., 
_H~---- I "! I 

Eio< p,,,., 
(.ooo, 

from Cr 

I : ;;~u!"s;:! . .,.,., I ;.- :·<·=~"'O' f----
L 

l_ _ _5::.-"'~-J I r--- --., 

--~--J-- - • _J_ l ~=.:~ I ~--~·-: __ J 
-------..11""-- - ~~~~~~~~~~-t:==~~~~~~~~==~~~~~~~'-'9'----~~~ ----"T"-- __ ........,'"'--- --- ----- ----~·~--

-- --, 
OstArr:loft I - : I __ _J 

---------
EiKllO'MtWWO 
lromC

Solutcin 
IQ.aolwogm ~I 

t 
c_. 

I P!Jf1h .llld Phv1ie.al 
Form Unli.t'M>W1' 

s0i·s.."""''"" - c • ..
Pnl'CJOl'[lt'<>n 
~~~fl()ti 

I 
I 

---~---J 
Etectrotvle 
Punloc.otoon 

1-R-an 

.I[ , . 

I 

. 
~-~--~~~~~~-~~--~~-~--~~~----~---~-~--

·--.=.:-'-; •=--t:.~ P""•E•IKI.:._.-. .. :-;;.-;,;.-;,;.-;. i [ 
L----------------------------, ~::= I I ....,_. E1:=:1 t___ 

L- --.-c;;,;....J 

r---'-~, 
I~ I __. 
I U-H> 1 ~ 
I -p.-_ I 
L.---r---~ 

' c- '-,_ .._. 

SECTION 2 



r··-- ---, 
I I 
I Reduc1ian I 
I R~.ng 

L ___ I __ J 

~furillt~ad\ing 
i;:=:::::;;==;::::!~~n~a::!!>·n•\n~r:ih50i==~=~=======:!:::==:::;a 

c~,,.,. 

Wing
p,.~, 

., CNaril!e SaloA-

Siurr,A..-c 
o-.oon 

W.Ch-Soln 
0-19mC~ 

E'-'.traivtc 
P'Oduct'°" of 
C-P

lram Clllo<a Soln. 

_......~:-:--=--
~- 0u-anc1v .. 

Lr,.,;tw'li) 

Cetnrnt•tl()n 

'""" s..-....t~ Soln 

I 

l 

........ [ 
~ r--- ---, 

: ~: ll [§] i .... ~------------------L ___ ___ j 
------..., ·-,I .----1'---

r ___ t __ ..., ! --===== .. 
I Su loll« I c-u>ei 
I An"°" I 
I Ca.tong 

L--- --..J 

I 
I 

-----'l'---1 ..______ - _ J 
I r----

r--- ---, 
I _, 
I~ 
I E...,._ I 

i z..,.._ __ 
u 
i · 8 L--- --~ 

:i ...... ______ _ 

E«trotvt• 
Punfic•tO"I 

llronA.~111 

Slurry Anodic 
D•HOlut•on 

.., Suloh•te Sain 
OI Ctw:>r.c:k Soln 
Otaotw •orn Cen 

E.i.tctrnw.nn1no 
_.,., P1rt1Cui.1e 

orPi.an•r 
Cethode 

1··--- --.--. 
I Sulpl\o<le A nod* 
I E~trotvsis 

1 Aoue-ous Saini 
Mns•"e A nod• L---- ---1 

ii. 

• . ..: 
~/lton --------.------..i ~ 

Sc,,c,~;r '----------------_;:.._ ____ _.,..J~ ._ __________________________________ _.;;,;;.;..;... ____________________________ ...., __________ ~·:....--------J~ 

,--- S E C T I 0 N 3 

---



:Jrying 

-------------

----. - . -----
------ -----· 

e Ntr.;:: 

Slag R~mova! 
or Iro 

TBRC 
O~nO..ect 

Smpft1ng 

C~n!Coooer 
Re'f1n1r,g or 
Wlv~ '\~~r•I 

Cor.~•·'j,·l')n 

I 

~ 
Com~rcial 

Rei•ned 
C~• 

~~ere :ay be ~1ffir1J~ty in ob~8inin~ 

Cat.~otle ?t.1:-ity '-''1'J'\l to U:11•. R:'!".ir.;·1-:-! bi 

c~r:-rinLy c:;~.abli .. :-.... 1 ~ lc.:•.:-o ?rfinir . .;;" 

SECTION 4 

r,·, ,._.,,,. 

""""! 

WOIC<e 
• 

I • 

I i 
I I 

· I I 
I I I 

__ _l_ ___ i_ _ _J 

D 
r------, 
I 

I 
I I 

L-------' 

' ., . 

S.-c.omm..c..i C11 

PolOC Plant 
8 .... CllUrldet 
Conouuc1,gn 

r __ J:: 
I fludzed : 
I Bed 

o.u...,., L __ T __ _ 
r--F~- -, 

Bed I 

: "-luctlon· I 

L-9·!~-J 

r ___ j ___ , 
I 
I 
I 

' I 
I 

L.-- - - - _ _. 

Establ 

~- ~Route-s 

pilot 

Routes 
from 1 

--- - -- Possib 

·,.) ~· t,I1r_· ,.~l~trli"' i nP' •/~r~hnol r).:~y 

•.;;j• :;:-,·:i ;"r):'"::-7'\''n~,, T);--1,~r·r 

('.'l.h:il8.n, ~: .... Woods ci.w! ,J. F f:astlr:-, "~omr; aS)l"!ct .. 

r1'.' r,xt,r'l.ct,irin 0~· r·onpr~r frnm s11lrhi'1e:; 11
, Minentls ».n 

.;:;nr, l 'Hi1. 



.. -----t--- .. - ~ 

• 

I • 

I i 
I 

I. I I 
l I i 

__ _j_ __ j __ _J 

r-
1 
I 

-, 

I I 

L------.J 

r_J~ ] ____ , 
I I I 

Fluidlzed ~ : 
Bed f umaca 1 

~--~---] ___ J L--- ----" 

r--- -- -, 
I FllOdin<I I 
I Bed I 
I Aeoucu>n· I 

L-~]-~-.J 

r- - - - --, 
I 
I 
I 

L---

' I 
I 

-- -..J 

r- - - ____ ., 
I I 

.~~-~· 
- 5okftO\ ol I 

I Volll* MeUI 
{ Chlora.~OI 
I LaellinO ol S....-
1 Ctilonde from 
I "-

~---I ___ _J 

.---- ----, 
I I 
I Solad-Liautd 
I 5-•""" 
l 

C-Cllloride 
$olutoonto 

C-llec...
.... c:-nut
s.ii-c htrlCtOI 
OI Elec.lr°"",,,_ 

Established coaaercial routes 

~ - ~ Rout~s propos~d on semi-commercial or 
pilot plant vork (as far as i1 knovn) 

Routes proposed by various workers 
troa laboratory-acale teats 

--- - -- Pouible alternative routes 

r· 8.h8. l 8.n , Woori:; 8.Wl .J. 

0 ~ ex~r8.r~ion of ronper from 
.'·:rF· lTrli. 

F. r:astle, "~ome aspP.cts 
:;1ilphi1es", MinerFJ.1:> ri.nd SECTION 5 





Annex :r 

SUMMARY OF OPERATING DATA FOR SOME MAJOR COMPt4ERCIAl. Bt 

Mi,_eliution Mean total 
~----· ~tof Westll I ore I 

Mine location and/« Type of Tot81 rock beint body heiilhtl 
company -lltion 

Prim81Y .,lphidel 
Cu Host rock le9dled widtt> or oxid• 
1%1 lk1J 

Old Reliable. Mammoth. In-Situ 70% Sulphides 0.8 And91it9 4 x 10• 103 m/106 m 

Arizon.._ U.S.A. Renc:ha-1 ICu,S. CuFeS,I 
Exploration end o.v.lopment 30% Cixidn 

:ch~ollel 

Bluebird Mine Miami. Arizon• Help 100% Oxides 0.5 Schist 4 x 101 • 61 m/183 m 

U.S.A. Ranchers ch~oll• 

Ex:>loretion and Development 
-

Phelps Dodge Corp .• Dump Pyri•. c:ovellite. 0.35 Quartz 3.9x 1010 71 m/792 m 

Tyrone, N- Mexico, U.S.A. l:hrymc:holla. tenorit9 Monzoni• 
chllcocite, 

chlle11nthite 

&ghdad. Arizona, Dump Mixed oxides 0.30 - - -
· U.S.A. 

Duval Espennza Mine. Dump Chalcoci19, mal• 0,15- Quartz 2,7 x 101
• 91 m/366 m 

t>rizona, U.S.A. chi19, azurite, 0,20 monzoni19 
ch II copy rite end diori• 

Duval, Mi,_al Park, Dump Chelcoci19 0,14 Monzoni• 64 x 101
• 152m/91 m 

Arizona, U.S.A 

Duval, Copper Basin, Dump 85 % sulphide 0.31 Sandstone; 3,9 x 101
• 46m/366 m 

Arizona. U.S.A. siltstone 

I 
Duval, Copper c.,yon, O..mp Oxide 0.25 Sandstone. 13.9 x 10' 0 I 122m/349 m 
Ari1o~a. U.S.A. porphyry 

Degtyansky. Urals Dump Chalcopyrite. - - - I -
USSR and chalcocite. 

in·Situ pyrite 

Rio Tinto, Spain Dump Chalcocite. chal· v•iable - - -
copyrite, pyri• 

Canenea. Mexico Dump Chalcocite. v•iable - - -
end pyrite 025,35 

ln·Situ 

Kosak• Mine. KCIAka ln·Situ Silicified pyrite ores; 0.15- - 4,5 x 10• -
Town, Akita Prefecture. (Manto· m•copyrite, c:hal· 0,25 

JapMI yam•I coci19. bomite 

SOURCE: L.E. Murr, "Theory..-! Practice of Copper Sulphide LeKhi"I in Dumps end~·. 
in Miner• Science •nd Engi,_ing, VGI. 12. No. 3. July. 1980. 

SECTION 1 

Irrigation 1'1119 
St-iing solution (onfluentl Tot 

k• (gill 
end onodl 

irrip11ed 
Efflw 

(onfluent flow rete. flow r 
hn'I 

I/min.JC Cu Fe1 • f•l• pH (~/m, 

4, 158 ( 1. UJO pl./min.J 4.600 0.06 4.30 0.30 1.8 4,1~ 

continuous (1.100 gal 

8.505 (2,300 pl./min.) 92.000 0.20 0.03 0.63 6 e/2 8,7() 

in19rmitt9nt H,SO. 12,300 11111 

12,490 (330 pl./miu.I - 0.30 1.~2 1,20 3.8 12,1. 

int9rmittent. (3,200 gal 

12 cycles/yr.I 

12,600 13,328 11111./min.I - 0.2 4,5 0,2 2,0 12, 1f 

continuous (3,200 gal 

lf.516 (2,250 pl./min.I - 0.12 3,3 0.10 1,3 6,05 

continuous (1.600 gal 

7,570 12poo gal./min.J 457,640 0,05 2,85 <0.0 1 3.8 s,a1. 

intermittent, periodic (1,800 gal. 

1'111tcycla 

S,678 (1,500 pl./min.J 74000 0,08 2.50 2.50 1,7 4116• 

intermittent, periodic (1,100 gal. 

rotation 

4,542 (1 1200 gal./min.J 74,000 0,02 1.2 0,10 1,9 3JB~ 

intermittent. periodic (1,000 gal. 

rotation 

- - 0,1 0.2 2,0 2.5·2.9 -

- - 0.2 4,0 1.0 1 g/Q -
H,SO. 

- - 0,35 7,1 1.8 2.7 -

4,600 (1,215 pl./min.J - 0,14 2.7 0.3 1.8 4,14r 
sprinkle<! at 4-5 mo. (1,090 gal 

inter¥•11 



f._11nex II 

::l SOME MAJOR COMMERCIAL BACTERIAL LEACHING OPERATIONS 

Stwting solution (onfluentl 
Totll 

Finilhing 10lution (effluent) 
e.:terie A_..,..,nual Estimated ArN (g/Ll 

Effluent 
(gill 

det9c:t9d in 
Maimum/minimum Recovery Yeanof copper Pwcent Cu •1p118<1 

flow ra18 solution -•lorelbody method production opention racowrad .m'l 
Cu Fe1* Fe'• pH (q/min.l Cu Fe1• Fe'. pH •fflu ... t 

18mperature 
(kg) ( %1 

0.06 4,30 0,30 1.8 4; 158 0,55 2.20 1,40 2.2 unknown JOOC/22oC Cemel'tation on 1" 10' 3 18 
(1, 100 pl./min.) iron scrap 

92,000 0,20 0,03 0,63 6 g/Q 8,705 j 1.80 0,03 0,63 3 gtq unknown unknown Solvent 6,8" 10' 16 40 
H,SO. (2 ,JOO gml./min.) extraction 

0,30 1,52 1,20 3.8 12,112 0,"/8 4,10 0,10 2,5 T. ferroox idans JOOC/19oC Cementation on 4,5" 10' 9 25 
13,200 gml./min.) 

I 
iron scrl!p 

I 

0,2 4,5 0,2 2,0 12,100 1,0 0,1 3,0 2,5 T. ferroox idans unknown f 13,6" 10' 
(3,200 gill./min.) 

0.12 3,3 0,10 1,3 6,056 0,90 0,30 1,60 2,0 T. ferrooxidans affluent temp. Cementation on 2,5 x 10• 15 30 
(UiOO gal./min.) iron SCrl!p 

457,640 0,05 2,85 <0.0 3,8 6,813 0,55 0,25 0,95 2,5 T. ferrooxidan.' 250Cmaximum C'~mentation on 1,5x10" 14 40 
(1,800 gal./min.) iron scrap 

74000 0,08 2.50 2,50 1,7 4,164 1, 1 

I "' 
2,5 2,2 unknown effluent temp. I Solvent extrac· 2.3 )( 1()' 13 40 

(11100 pl./min.) I 24-32°C tion in 1980, 
cwnentation 

prior 
to 1980 

'74,000 0,02 1,2 0,10 1.9 3)85 0,90 0,02 0,20 2,9 effluent temp. Cementation on 1,7x10' 13 25 
(1,000 gal./min.) 1-15°c iron scrap 

0,1 0,2 2,0 2,5·2,9 I o.3 1,5 0,7 2,lj T. furoox idans Cementation on - 9" 10' -20 

iron .lCr:tlJ 

····-· ~ 0,2 4,0 1,0 1 g/Q 2,2 18 2 11 g/Q T. ferroox idans unknown Cementation on 8 )( 10' hundreds 
H,SO. ,so. iron scrip 

0,35 7,1 1.8 2,7 3,3 3,0 7,4 2,3 T. fe"ooxidans unknown Cenwntation on 8,7 )( 10' 

iron scrap 

0,14 2.7 o.a 1.a 4,140 0,44 2,4 0,9 1.8 10' cells/mQ 24oC/17oC Cementation on - 8 x tO' •. 30 unknown 
(1,090 gll./min.) T. ferrooxidans iron scr:ip 

SECTION 2 
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A.nnex III 

SOME CHARACTERISTICS OF THE MINERALS SECTOR OF BOLIVIA AND PERU 

Tables 

1. Bnlivia: Production of Principal Minerals, 1970-1981 

2. Perus Production of Princical Minerals, 1970-1981 

3. Bolivia: Value of Principal Mineral Exports, 1970-1981 

4. Perui Value of Principal Mineral Exports, 1970-1981 

5. Bolivia: Nature of Mineral Reserves, 1S79 

6. Peru: Nature of Mineral reserves, 1979 

•**"'******* 

liltroductory Note 

Details of the relative importa~ce of copper to Bolivia and Peru in 
terms of production, value of exports and reserves and some characteristics of 
their mineral industries are sununarized here in annex III. 

Peru has long established large-scale and open pit commercially viable 
copper operations and more recent smelter and refinery complexes. In 1979, it 
had an estimated 32 million metric tons of known copper reserves (which place 
it fifth in the world) and 103 million metric tons of probable reserves. In 
1981, Peru produced 327,600 metric tons Jf copper and several new large-scale 
mineral pro]ects are being planned. ~eru is also an important world producer 
of iron ore, lead, zinc, antimony, silver, molybdenum and gold. 

Bolivia, on the other hand, has a very small-scale copper industry. 
Unlike Peru's large sulphide porphyry deposits the developea mines are small 
massive sulphic~ bodies with oxidized upper layers. These are mined by 
underground meth\X.ls. Bolivia has experienced little technology development at 
the processing stage and after a crude flotation process concentrates are so!d 
directly to Japan. In 1981, Bolivia produced a total of only 2,637 metric 
tons of copper. Bolivi~, however, is an important world producer of tin, 
lead, zinc, wolfram, silver and gold. Although, it is important to note that 
only 10 per cent of the mineralized zone of Bolivia has been explored 
geologically and CC»tIBOL has not opened any r.ew mines since it took over most 
of the country's mining activit~s (80 per cent) in 1952. 

The different technical bases of each cJuntry and indeed of each 
company and mine are important in explaining the lack of co-operative 
participation throughout the Copper ~roject's development • 

. "' . .. 



ANNEX III 

TABLE 1. 

BOLIVIA: PRODUCTION Of PRINCIPAL MINERALS, 1970-1981 

(in thousand tons) 

MINERALS 1970 1971 1972 1973 1974 1975 1976 1977 

Tin (concentrate) 29.4 23.5 23.8 31. 2 30.2 32.0 30.3 33.7 

Antimony 11. 6 11. 7 13.1 15.8 14.9 16.1 17.0 16.1 

Wolfram 2.4 2.6 2.7 2.6 2.5 2.3 3.2 3.0 

Zinc 46.5 45.4 39.7 53.4 49.4 48.8 53.0 63.5 

Copper 9.0 7.8 8.4 8.9 7.2 6.2 5.1 3.1 

Lead 25.8 23.3 19.0 24.2 I 19.5 18.0 19.2 18.9 

Bis111.1th 0.6 0.6 0.5 0.6 0.6 0.6 0.6 0.6 

Silver 185.6 172.4 143.2 171. 3 155.2 160.1 169.2 180.8 

Gold (fine ~) 862.11655.3 674.5 1.151.6 1,307.0 1.648.8 1,292,0 755.1 

Sourc~: Based on data collected by Statistics Division, Andean Pact. 

1978 1979 

30.9 27.8 

12.7 13.0 

3.2 3.1 

59.3 44.1 

3.3 1.8 

18.0 15.4 

0.4 50.0 

200.3 178.6 

1,088.2 948.0 

1980 

27.3 

15.5 

3.4 

50.3 

1.9 

17.2 

50.0 

189.7 

1,619.7 

1981 

29.8 

15.3 

3.5 

44.0 

2.6 

16.8 

11.0 

--
--

f-' 
+:-

°' 



MINERALS 1970 

Copper 218 

lron 6,249 

Si 1 ver (fine· tons) 1,217 

Zinc 360 

Lead 164 

Gold 2,954 

ANNEX III 

TARLF. 2 

PERU: PRODUCTION OF PRINCIPAL MINERALS, 1970-1981 
(thousand tons) 

1971 1972 1973 1974 1975 1976 1977 

213 226 215 222 176 224 338 

5,617 6,086 5,852 6,220 5,067 3,089 4,173 

1,264 1,269 1,28'1 1,215 1,201 1,228 1,235 

386 448 459 450 433 457 405 

172 190 198 179 168 173 170 

2. 725 2,728 3,137 3,350 3,368 2,296 3,247 

Source: Based on data collected by StatisticP Division, Andean Pact. 

1978 1979 

366 392 

3,328 4,955 

1,151 1,220 

402 432 

170 174 

3,504 4, 155 

1980 

361 

5,754 

1,337 

477 

184 

3,923 

1981 

327 

4,038 

---
496 

187 

---

I-' 

"'"" -.:i 



Mwio:x III 

TABLE 3 

BOLIVIA: VALUE OF PRINCIPAL MINERAL EXPORTS, 1970-1981 

(in millons of dollars and as a perce.nte,ge of all experts) 

1970 1975 1978 1979 1980 1981 

VALUE % VALUE % VALUE % VALUE % 'JALUE % VALUE % 

All minerals 204 90 312 59 520 71 584 70 640 61 554 56 
Tin concentrate 107 47 130 25 173 24 167 20 140 13 77 8 
Metallic tin - -- 51 10 213 29 232 28 248 24 266 27 ...... 

.i:-

Copper 12 5 7 1 4 -- 3 -- 4 -- 4 ()) 

Silver 11 5 29 5 34 5 58 7 118 11 72 7 
Lead 8 4 8 1 11 2 18 2 lit 1 11 l 

Zinc 14 6 40 8 31 4 43 5 37 4 40 4 
Others 52 23 47 9 54 7 63 8 79 8 84 9 

TOTAL EXPORTS 226 100 530 100 733 100 834 100 1,048 100 977 100 

Source: Statistics Division. Andean Pact. 



1970 

VALUE % 

All minerals 505 48 

Copper 278 2? 
Iron 67 6 
Silver 29 3 
Gold 3 -
Zinc 47 4 
Lead 63 6 
OthE::rs 18 ,, 

'-

TOTAL EXPORTS 1,048 100 

ANNEX III 

'T'A~T,R 4 

PERU: VALUE OF PRINCIPAL MINERAL EXPORTS, 1970 - 1981 
(in millons of dollats and as percentage of all exports) 

1975 1978 1979 1980 

VALUE % VALUE % VALUE % VALUE 

568 43 834 46 1,529 45 1,404 
165 13 390 21 689 20 624 

55 4 69 4 86 3 80 
83 6 102 6 223 7 76 

-- - 15 1 10 - 43 
173 13 102 6 154 4 191 
74 6 138 7 290 9 333 
18 1 18 1 77 2 57 

1,315 100 1,820 100 3,390 100 3,309 

Source: Statistics Division, Andean Pact. 

% 

42 
19 
2 
2 
1 
6 

10 
2 

100 

I l~l 
(Provisional) 
VALUE 

1,559 48 
529 16 
93 3 

312 10 
N.D --
272 8 
219 7 
134 4 

3,255 100 

% 

I-' 
~ 
\C 

I 
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ANNF.X III 

BOLIVIA: NATURE OF MINERAL RESERVES, 1979 
(tons of contained metal) 

MINERAL KNOWN RESERVES 

Copper 26.657.50 
Tin 636.948.98 
Silver 1.381. 02 
Lead 106,748.68 
Zinc 1,007.688.62 
Antimony 96,781.00 
Wolfram 24 ,577. 90 
Bismuth 4,605.90 
Gold 1,148.13 

POTENTIAL RESERVES 

247,932.00 
783,819.84 

1,634.78 
309 ,144 .171 
627,676.00 
241,630.00 
63,138.00 
67,700.00 

Iron 20,014,300,000.00 
Manganese 10'000,000.00 

Source: J.F. Royo. ·Reservas de Miner-ales en Bolivia (La Paz. 
SIC Ltd. , 1981) . 
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ANNEX III 

TABLE 6 

PERU: NATURE OF MINERAL RESERVES, 1979 

(tons of contained metal) 

MINERAL KNOWN RESERVES POTENTIAL RESEFVES 

Copper 24,000,000 103,000,000 
Silver 20,000 69,000 

Lead 3,990,000 12,000,000 

Zinc 11,220,000 25,000,000 

Iron 316,500,000 3,130,000,000 

Minor Elements 366,000 

Source: Orientaci6n General del Plan Nacional de Oesarrollo, 1982-1985~ 
Institute Nacional de Planificacion, Lima, 1981. 
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ANNEX IV 

SOURCE MATERIAL FOR THE ANDEAN PACT COPPER PROJECT 

The Technoloqy Policy Group of the Board of the Cartagena Agreeaent 

kindly facilitated many interviews with peLsonnel in the state and private 

sector of the Bolivian and Peruvian mining industry and data collection at the 

mines mentioned in the text. They also made available a series of docuaents 

which proved to be fundamental to the technical and policy discussions of the 

present paper. 

belows 

Those sources of information which are not confidential are listed 

Documents prepared by the Andean Pact COpeer Project (PADT-COBRB) 
as llsted by the Technology Policy Group of the 

Board of che Cartagena !qreement 
(in chronoloqical order) 

Proyectos Andinos de Desarrollo Tecnol6gico en el area de la hidrometalurgia 

del cobre (J/GT/12), 2 September 1974. 

Proyectos Andinos de Desarrollo Tecnol6gico en el area de la hidrometalurgia 

del cobre. Decisions 86 and 87 of the Board of the Cartagena Agreement 

(J/GT/ 16), 5 May 1975. 

F.quipamento para los Proyectos 1, 2 y 3 sobre hidroa1etalurgia del cobre 

(Appendix) (J/GT/16), 24 April 1975 and Rev.l, 12 June 1975. 

Proyectos Andinos de Desarrollo Tecnol6gico en el area de la hidra11etalurgia 

del cobre. Decisions 86 and 87 of the Board of the Cartagena Agre .. ent 

(J/GT/16, Rev.l), 12 June 1975. 
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Potencial de la lixiviaci6n bacteriana en el Peru. By Williaa O Macha and 

CHar Sotillo Palomino (J/GT/19), 30 October 1975. 

Proyecto III, •Interc.abio i6nico-electrodepoeici6n• y •eonversatorio de 

intercaabio i6nico• prepared by the deleqation of Peru. Decisibn 87. Lima, 

Septellbar 1975 (J/GT/20), 18 Deceaber 1975. 

Lixiviacibn bacbriana de ainerales de cobre. By Jose Norund Guzmin 

(J/GT/21), 1 April 1976 

Proyectoa Andinos de D•arrollo Tecnolbgico en la hidraaetalurgia del cobre, 

Deciaibn 87. Inforae de la cepr•mtaci0n peruana. By w. O Macha, 

Alternative Representative and National Bead of the copper Project (J/GT/25), 

2 June 1976. 

Proyecto Andino de Desarrollo Technol6gico en el area de la hidrometalurgia 

del cobre. Proyecto II. Lixiviaci6n bacteriana. Seminario. Prepared by the 

Delegation of Peru of Decision 87 and the Board of the Cartagena Agreement 

(J/GT/26), 10 June 1976. 

PADT-CObre. Decisi6n 87. Informe de la representaci6n peruana al comite 

contratante. Lixiviacibn bacterial de minerales de cobre. Prepared by 

Alberto Herrera Bandai collaboratorsa Juan Fernandez T., Aurelio Corimaya M., 

MINER~PERU (J/af/27/, 21 June 1976. 

Informe de la representaci6n peruana al comite contratante. Seminario Tarma. 

Mayo 1976. Lixiviacibn bacteriana, volwaen x. Prepared by A. COrimaya, 

J. Fernandez, A. Herrera, Central Labora~ory, MINERO-PER~ (J/GT/29), 

8 September 1976. 

Inforae de la repreaentaci6n peiuar.a al coaite contratante. Seminario Tarru. 

Mayo )976. Lixiviaci6n bacteriana, volwaen IX. Prepared by o. Delqado, 

c. Bgoavil, Departllent of Metallurgical Research, CDITR<JtIN, Peru (J/GT/30), 

8 Septellber 1976. 
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·· i · (1° 2° Informe de la representacion peruana al com te contratante y 

informe progresivo) Trabajos a escala de laboratorio y pruebas en co~umnas. 

By J. Zegarra and o. Delgado. Department of Metallurgical Research, La Oroya, 

CEWI'ROMIN, Peru (J/GT/31), 22 September 1976. 

Informe de la representaci6n peruana al comite contratante. Mecanismos de 

reaccion involucrados en la accion lixiviante de las bacterias (J/GT/32), 

22 September 1976. 

Informe de ia representacion peruana al comite contratante •visitas a Plantas 

Hidrometalurgicas de Chile• (J/GT/33), 27 September 1976. 

PADT-CObre Decision 87. Informe de la representacion peruana al coroite 

~ontratante •tixiviaci6n bacteriana de minerales marginales de 

cobre-Toromocho• (Tercer Informe Progresivo) prepared by Juan Zegarra and 

Oscar Delgado, CEM!'ROMIN, Peru (J/GT/34), 12 November 1976. 

Informe de la representacion peruana al comite contratante •Lixiviacion 

bacteriana en columnas de mineral sulfurado de ~erro Verde• (J/GT/36), 

30 January 1977. 

PADT-Co~re. Decision 87. Informe de la representaci6n peruana al comite 

contratante •Avance de las pruebas de lixiviacion quimica bacteriana en 

columnas y erlenmey~rs•, •cultivos y adaptaciones de bacterias•, •pruebas de 

cementacion e intercambio i6nico• (J/GT/37), 30 January 1977. 

PADT-Cobre. Decision 87. Informe de la representacion peruana al comite 

contratante •tixiviacion bacteriana en columnas de minerales marginales de 

Cerro Verde• (J/GT/38), 21 February 1977. 

PADT-Cobre. Decision 87. I11forme de la representacion peruana al comite 

contratante •tixiviac16n ba=teriana de minerales marginales de 

cobre-Toromocho• (J/GT/39), 21 February 1977. 

PADT-Cobre. Decision 87. Informe afto 1976 del Jefe Nacional de Programa de 

Peru. Proyectos lI y III (J/GT/40), 15 Mar~h 1977. 
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PADT-Cobre. Decision 87. Proyecto II. Informe de la representacion peruana 

al canite contratante. •seminario de electroquimica de semi-conductores y 

lixiviacibn bacteriana• (J/GT/41), 20 April 1977. 

PADT-CObre. Proyecto II. Decision 87. Seminario te6rico-practico sobre 

electroquimica de semi-conductores y lixiviacibn bacteriana. Resumen 

corregido de la Conferencias (J/GT/43), 5 May 1977. 

PADT-Cobre. Proyecto III. Decision 87. Seminario de intercambio ionico. 

Comite contratante. Decisi6n 87 (J/GT/44), 17 May 1977. 

PADT-Cobre. Decision 87. Informe de la representacion peruana, •Lixiviacion 

bacteriana de minerales marginales de cobre-Toromocho• Escala Semi-piloto 

(J/GT/45), 10 August 1977. 

PADT-CObre. Decision 87. Proyecto III. Informe del Jefe Nacional de 

Programa, Peru, sobre seminario de intercambio i6nico-electrodeposicion. 

Arequipa, 30 May-24 June 1977 (J/GT/46), 11 August 1977. 

PADT-Cobre. Proyecto II. Decisi6n 87. Seminario teorico-practico sobre 

disoluci6n de sulfuros por acci6n bacteriana y electroquimica ~a 

semi-conductores. Oruro, 17-24 January 1977 (J/GT/47), 6 September 1977. 

PADT-CObre. Proyecto II. Decisi6n 87. Informe de la representaci6n peruana, 

Lixiviacibn bacteriana de los minerales marginales de cobre. Proyecto 

Toromocho (J/GT/48), 13 October 1977. 

PADT-Cobre. Decisi6n 87. Proyector III. Informe de la representacion 

peruana •seminario de Intercalllbio i6nico y electrodeposici6n• (J/GT/49), 

2 January 1978. 

PADT-COble. Proyecto II. Decision 87. Seminario internacional de 

lixiviacibn y ce11entaci0n (J/GT/51), 4 January 1978. 

PADT-CObre. Deciai6n 87. Proyecto II. Informe de la repreaentaci6n peruana, 

Proyecto Toromocho de tratamiento de minerales mar9inales de cobre. Estudio 

del proceso de extracci6n por aolventes y electrodeposicion. Primer informe 

progreaivo (J/G'l'/53), 31 January 1978. 
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PADT-Cobre. Decision 87. Proyecto III. Informe de la representacion 

peruana. Estudios preliminares sabre produccion de sulfate de cobre por 

extraccion con solventes (J/GT/54), 7 February 1978. 

PADT-Cobre. Proyecto II. Decision 87. Informe de la representacion 

peruana. Lixiviacion bacteriana en columnas de minerales mixtos de baja ley 

de Cerro Verde (J/GT/55), 6 March 1978. 

PADT-Cobre. Decision 87. Proyecto II. Informe del comite contratante de la 

Decision 87. •seminario internacional de la lixiviacion y cementacion• 

(J/GT/57), 6 March 1978 and (J/GT/57, Rev.l), 20 July 1978. 

PADT-Cobre. Decision 87. Bases electroquimicas para la electrolisis de 

extraccion de metales no-ferroginosos (J/GT/59), 20 April 1978. 

PADT-Cobre. Proyecto II. Decision 87. Informe de la representacion 

peruana. Resultados finales de las pruebas a escala semi-piloto sobre 

lixiviaci6n bacteriana de minerales marginales de cobre. Proyecto To~omocho 

(J/GT/60), 27 April 1978. 

PADT-Cobre. Proyecto II y III. Decision 87. Informe de la representaci6n 

peruana. Informe del afto 1977. By William O. Macha (J/GT/62), 19 July 1978. 

PADT-Cobre. Proyecto II. Decision 87. Informe de la representacion peruana, 

Lixiviacion de minerales de cobre de Cerro de Pasco. Pruebas a escala de 

laboratorio y piloto (J/GT/68), 8 September 1978. 

PADT-Cobre. Proyecto II. Decision 87. Informe de la representacion peruana, 

"Primer ano de la operacion en pilas de lixiviacion bacteriana de minerales 

marginales de cobre. Proyecto Toromocho" (Eighth progress report) (J/GT/74), 

4 December 1978. 

PADT-Cobre. Proyecto III. Decision 87. Informe de la representaci6n 

peruana, "Viaje de estudios a instalaciones hidrometalurgicas de cobre y 

uranio en Estados Unidos• (J/GT/83), 20 February 1979. 

• 
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Informe del Jefe Nacional del PADT-CObre en Peru Decision 87. December 1979. 

(J/GT/91), 6 March 1980. 

Informe del Jefe Nacional del PADT-CObre en Peru Decision 87. 

September-OCtober 1979 (J/GT/92), 14 April 1980. 

Intormes mensuales de la Jefatura Nacional PADT-Cobr~ (J/GT/94), 20 May 1980. 

Evaluacion de las actividades realizadas por Bolivia en los proyectos Andinos 

de desarrollo tecnol0gico en el area del cobre. Decisions 86 and 87 

(J/GT/107), 7 December 1981. 

Evaluacion de las actividades realizadas por el Peru en lo~ proyectos Andinos 

de desarrollo tech~ol0gico en el area del cobre. Decision 87 (J/GT/108), 

7 December 1981. 

Resumen. Evaluacion subreqional de los proyectos andinos de desarrollo 

tecnol0gico en el area del cobre (J/GT/109), 7 December 1981. 

In addition, the 'Final Acts' of the meetings of the contracting 

Conunittee, the administrative organ of the Andean Pact Copper Project, were an 

important source of information. 
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Beneficiation 
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Chemolithtrophic 

Chemosynthetic 

Cut-off grade 
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Enzymes 

Gangue 
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GLOSSARY 

Generally a substance, soluble in water, containing 
hydrogen which c&n be replaced by metallic ions and 
thereby forming metallic salts. 

Natural drainage water of mine sites which cont~!ns 
~ulphuric acid and dissolved metallic salts 
(especially ferric ions) as a result of the 
biological and chemical breakdown of sulphuric 
minerals in rocks. 

An adjective used to describe bacteria which 
require a highly acidic environment for growth. 

Capture carbon dioxide directly from the atmosphere 
and use the carbon for the synthesis of cellular 
components. 

Improving the chemical or physical properties of an 
ore so that metal can be recovered at a profit. 
Also known as mineral dressing. 

A substance which enables a chemical reaction to 
occur or alters the rate at which a chemical 
reaction occurs, but is itself unchanged at the end 
of the reaction. 

Obtains energy from oxidation of inorganic 
substances. 

An organism which utilizes the oxidation of 
inorganic autotroph compounds as the energy source 
for assimilation of carbon dioxide. 

Minimum grade of ore which is considered 
economically viable to extract. This measure is 
employed to separate wast~ and marginal ore from 
c~ncentrate feed1 varies for each mine. 

A genus of strictly anaerobic, mobile, rod-shaped 
bacteria in the family of Spirillaceae which 
reduces sulphates to hydrogen sulphide. 

Organic catalysts produced by livin~ cells. 

Minerals found in association with ores (e.g. 
quartz) which are not th€.ID8elves economically 
viable. If they consum& acid (i.e. are calcareous) 
they may adversely affect b~cterial leaching 
through consuming acid causing pH to rise. 
However, most porphyritic eulphide ore~ are found 
in a r.Jn-alkaline host rock (i.e. in association 
with non-acid consuming gangue) • 

I 

• 



Heterotropt.ic 
organism.c:: 
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Innovation 
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Unable to capture carbon directly f ran the atmosphere 
and therefore forced to feed on the carbon of 
autotrophic orga~isms (i.e. dead or living). The vast 
majority of heterotr~phic crganisms feed on living or 
dead green plant. 

Treatment of oxides, sulphidesr mixed ores and 
concentrates through leaching w11'!reby solutions 
dissolve minerals enab!ing the recovery of the 
contained metal from the •pregr.an~· solution. 

Employed in the text where the tecilnical change process 
involves innovative componentsJ that is, elements of 
new kncwledge. These innovative components may be new 
fer the firm or country and not necessarily the first 
applications in the world. 

A hydrous sulphate of iro~ and potassium - a secondary 
mineral in fecruginous ores. 

To extract a soluble component from a solver~ mixture 
by washing or percolation pro..:esses. 

An impur~ metallic sulphide mixture produced by 
smelting the sulphide ores of such metals as copper, 
lead or nickel. 

An adjective used to describe bacteria which grow best 
at tP.mperatures 20°-450c. 

Mineral dep<..sits where the metal-bearing minerals are 
sufficiently concentrated to be economically eYtracted 
given currP.nt production costs and metal prices. For 
copper, the arbitrary cut-off grade is presently less 
than 0.5 per cent metal contained in the metal-bearing 
mineral. 

The addition of oxygen to a substance, or the removal 
of hydrogen from it. The term is generally used to 
refer to any reaction in which an atom loses electrons 
e.g. the transition of iron from the ferrous (Fe++) 
to the ferric (Fe+++) state or copper from the 
cuprous (Cu++) to the cupric (Cu+++) state. 

A substance or organisms capable of bringing ~bout the 
chemical change known as oxidation. 

The c0ncentration of t.ydrogen ions in a watery solution. 

Structures in the cell cytoplasm which are able to 
r~produce autonomously. 



Porphyry sulphide 
deposits 

Potentiostat 

Pyrometallurgy 

Resources 

Solvent extraction 

Substrate 

Sulphates 
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Technical cha11ge 

Technological 
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Thermophylic 
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Huge discontinuous belts of disseminated mineralization 
composed of iron sulphide (pyrite) and copper sulphide 
(e.g. chalcopyrite) minerals in association with lead, 
silver, molybdenum, arsenopyrite etc. depending on 
regional mineral zoning. 

An automatic laboratory instrument that controls the 
potential of a working electrode to within certain 
limit3 during coulometric (electrochemical reaction) 
titrations. 

Treatment of sulphide ores, concentrates and metals in 
high te~peratures. Includes processes of smelting and 
refining. 

Marginal ore which may become economically viaole in 
the near future. Arbitrary cut-off grade is 0.1 per 
cent copper content. 

Metal r2Covery process in hydrometallurgy whereby 
dissolved metal ions in acid solutions (aqueous phase) 
are transferred to organic solutions to which reagent 
is addedJ aqueous and organic phases are then separated 
by mixer settler action and metal values stripped from 
the latter when concentrations are sufficiently high. 

A subGtance the reactivity of which is increased by a 
specific enzyme. 

Salts of sulphuric acid. 

Waste product after preliminary mineral treatment (e.g. 
flotation)J may contain sufficiently ~igh mineral value 
to warrant reprocessing. 

Employed in the text in the general sense of any change 
made to the technical or organizational base of a 
production process. 

Capabilities to effect specific technological 
capabilities activities, whic~ are components of 
processes, which need direction and co-ordination 
before they can effect technical r.hange. A capability 
framework to enable the various activities and tasks 
for a particular technical change proc~ss to be 
effectively carried out requires personnel (who will 
embody interrelated elements of knowledge, &kill, and 
experience), techniques, facilities, equipment and 
funds which w~ll operate in specific contexts and 
require co-ordination and direction. 

An adjective used to describe bacteria which need a 
temperature from 45°-6s0 c for their development. 

• 




	13498.pdf
	0023A01
	0023A02
	0023A03
	0023A04
	0023A05
	0023A06
	0023A07
	0023A08
	0023A09
	0023A10
	0023A11
	0023A12
	0023A13
	0023A14
	0023B01
	0023B02
	0023B03
	0023B04
	0023B05
	0023B06
	0023B07
	0023B08
	0023B09
	0023B10
	0023B11
	0023B12
	0023B13
	0023B14
	0023C01
	0023C02
	0023C03
	0023C04
	0023C05
	0023C06
	0023C07
	0023C08
	0023C09
	0023C10
	0023C11
	0023C12
	0023C13
	0023C14
	0023D01
	0023D02
	0023D03
	0023D04
	0023D05
	0023D06
	0023D07
	0023D08
	0023D09
	0023D10
	0023D11
	0023D12
	0023D13
	0023D14
	0023E01
	0023E02
	0023E03
	0023E04
	0023E05
	0023E06
	0023E07
	0023E08
	0023E09
	0023E10
	0023E11
	0023E12
	0023E13
	0023E14
	0023F01
	0023F02
	0023F03
	0023F04
	0023F05
	0023F06
	0023F07
	0023F08
	0023F09
	0023F10
	0023F11
	0023F12
	0023F13
	0023F14
	0023G01
	0023G02
	0023G03
	0023G04
	0023G05
	0023G06
	0023G07
	0023G08
	0023G09
	0023G10
	0023G11
	0023G12
	0023G13
	0023G14

	0024A01
	0024A02
	0024A03
	0024A04
	0024A05
	0024A06
	0024A07
	0024A08
	0024A09
	0024A10
	0024A11
	0024A12
	0024A13
	0024A14
	0024B01
	0024B02
	0024B03
	0024B04
	0024B05
	0024B06
	0024B07
	0024B08
	0024B09
	0024B10
	0024B11
	0024B12
	0024B13
	0024B14
	0024C01
	0024C02
	0024C03
	0024C04
	0024C05
	0024C06
	0024C07
	0024C08
	0024C09
	0024C10
	0024C11
	0024C12
	0024C13
	0024C14
	0024D01
	0024D02
	0024D03
	0024D04
	0024D05
	0024D06
	0024D07
	0024D08
	0024D09
	0024D10
	0024D11
	0024D12
	0024D13
	0024D14
	0024E01
	0024E02
	0024E03
	0024E04
	0024E05
	0024E06
	0024E07
	0024E08
	0024E09
	0024E10
	0024E11
	0024E12
	0024E13
	0024E14
	0024F01
	0024F02
	0024F03
	0024F04
	0024F05
	0024F06
	0024F07
	0024F08
	0024F09
	0024F10
	0024F11
	0024F12
	0024F13
	0024F14
	0024G01
	0024G02
	0024G03

