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Abstract 

The impacts associated with primary production of metallic and fossil minerals are significant, and 

these industry sectors are facing increasing pressure to improve environmental performance and 

contribute to development that is consistent with sustain ability principles. The management of large 

volumes of solid wastes poses a particular problem, with the potential post-closure impacts and 

liabilities associated with the prolonged discharge of contaminated leachate from deposits of such 

wastes remaining of major concern to both regulators and industry. It is only by quantitatively 

characterising these impacts that we can begin to focus attention backwards in the material chain to 

the waste generation processes themselves, and thus identify opportunities for process improvements 

to minimise waste formation and to render wastes environmentally benign. Whilst recognising that 

knowledge of the key waste properties or characteristics is an essential and integral part of 

quantitative environmental impact predictions, currently available data pertaining to the characteristics 

of solid mineral wastes are largely incomplete and inconsistent, and the mechanisms of leachate 

generation poorly understood. The need to improve the way in which solid mineral wastes are 

characterised is driven not only by the limitations in terms of current data bases and methodologies 

for the generation of such. There is also a requirement for a more systematic and rigorous approach, 

which will ensure that the necessary data and information is integrated into the early decision stages 

of an environmental performance assessment programme and, ultimately, project life cycle in a time 

and cost effective manner. 

It is these shortcomings and challenges that this thesis attempts to address, through the development 

of a generalised and systematic strategy for predicting the environmentally significant properties of 

solid mineral wastes on the basis of ore characteristics (waste origins) and generating processes 

(waste source). The conceptual approach developed within this thesis essentially entails addreSSing 

current data gaps and deficiencies through reconciliation of available empirical data with a 

fundamental understanding of element properties and distribution behaviour in two systematic and 

consecutive steps. 

In the first instance, solid waste characteristics are predicted from a consideration of ore type and 

composition (Le. waste origins), combined with knowledge of the process route from ore to waste (Le. 

waste source). Due to their relevance in terms of technical and economic criteria, such as product 

quality and operational throughput, the behaviour of the targeted metal and major ore components in 

ores and beneficiation input-output streams is generally fairly well understood. Data gaps and 

inconsistencies pertaining to these ore components can, for the most part, be adequately addressed 

on the basis of meaningful generalisations and simple mass balance calculations. In contrast, 

available data and information relating to compositions of trace and minor co-elements are largely 

qualitative and inconsistent, and their deportment during the formation and subsequent beneficiation 
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of ore deposits generally less well understood. The methodology developed here entails the 

theoretical assessment of the potential distributions, properties and associations of these elements 

within ore deposits and across process unit operations, based on a fundamental understanding of the 

governing reaction mechanisms and influencing parameters. The theoretical data and information are 

subsequently reconciled with available empirical data to generate a comprehensive and quantitative 

list of potential element distribution factors which, when combined with total mass flow data, results in 

a first-order inventory of process input-output stream compositions. 

The second step of the proposed approach entails the prediction of key characteristics relating to 

criteria of environmental significance. In this step the solid waste constituents, identified and 

quantified in the first step of the methodology, are screened and ranked in accordance with their 

hazardous properties and availability for release to the surrounding environment in a disposal 

scenario. As in the case of predictions of element distributions during ore formation and beneficiation, 

the theoretical assessment of the potential distribution behaviour of elements from solid wastes is 

underpinned by a qualitative understanding of the mechanisms and parameters governing their 

dissolution and attenuation within a waste deposit. Potential environmental risks associated with the 

various solid waste constituents are subsequently estimated and compared on the basis of their total 

concentrations, potential environmental availability, and inherent capacity to cause harm. 

Three separate but inter-related case studies in the context of primary copper production present the 

key features of the developed approach and related tools. Such features pertain in particular to first­

order predictions of the chemical and mineralogical compositions of porphyry-type copper sulphide 

ore deposits; the subsequent distribution of ore components during concentration and smelting of the 

run-of-mine ores; and the waste constituents of potential environmental significance within a typical 

flotation tailings impoundment. Apart from addressing data gaps and inconsistencies, these case 

studies have also served to highlight the links in the ore formation 

ii 
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.~ wrong decision in the assessment of the risks presented by wastes or contaminated land may have 

a very significant impact on the financial planning for long-term clean-up and environmental 

monitoring, potentially extending over decades or even centuries"Wood, 2001. 
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(South African) Department of Water Affairs and Forestry 

European Environmental Agency 

Electrical conductivity 

Environmental risk assessment 

Global Mining Initiative 

International Council on Mining and Metals 

maximum 

minimum 

Mining, Minerals and Sustainable Development (project) 

not determined 

Organisation for Economic Co-Operation and Development 

Run-of mine (ore) 

South African Institute of Mining and Metallurgy 

Sequential chemical extraction (tests) 

Society of Environmental Toxicology and Chemistry 

Total dissolved salts 

United Nations Industrial Development Organisation 

United States Environmental Protection Agency 

United States Environmental Protection Agency Centre for Exposure 

Assessment Modelling 

World Business Council for Sustainable Development 

Units of measurement 

atm 

g 

K 

kg 

atmosphere-unit of pressure (1 atm ::: 760 mmHg) 

Angstrom-unit of length (1 A::: 10·10m) 

degree Celsius (centigrade)-unit of temperature 

centimetre-unit of length (1 cm ::: 10mm) 

gram-unit of mass (1 g ::: 1000mg ::: 10-3Kg) 

Kelvin-unit of temperature (1 K :::: 273°C) 

kilogram-unit of mass (1 kg::: 1000g ::: 10-3t) 
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kJ/mol 

m2/s 

mS/m 

mg 

mm 

MPa 

mV 

pH 

ppb 

ppm 

iJm 

t 

Nomenclature 

z 

kilojoule per mole-unit of energy 

square metre per second-unit of hydraulic conductivity 

millisiemens per metre-unit of conductivity (1 mS/m ::: 1000 S/m) 

milligrams-unit of mass (1 mg ::: 10-3g) 

millimetre-unit of length (1 mm ::: 10-3m) 

megapascals-unit of pressure (1 MPa ::: 106Pa) 

millivolt-unit of electric potential (1 mV ::: 10-3V) 

measure of acid concentration (-log [H+]) 

parts per billion-unit of concentration (1 ppm == 10-3ppm) 

parts per million-unit of concentration (1 ppm == 1 glt == 1 mg/kg in solids and 1 

mg/l in solutions) 

micrometer-unit of length (1 iJm ::: 10-3mm ::: 10-6m) 

metric ton-unit of mass (1 t ::: 1000kg) 

concentration of substance m in stream x 

unit mass of substance m in stream x 

electrode potential relative to the standard hydrogen electrode 

Gibbs free energy of formation 

equilibrium formation constant 

total unit mass of stream x 

radius (ionic) 

ionic charge or oxidation state 
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Introduction 

The primary metal production and coal-based power generation industries produce large tonnages of 

solid waste each year, most of which is consigned to land disposal. Of major concern to both 

regulators and industry is the risk of prolonged environmental pollution and degradation of water 

sources and land, due to the discharge of contaminated leachate from these solid residues and 

deposits. In order to be effectively managed, the potential impacts and risks associated with solid 

wastes first need to be predicted. Furthermore, in a legislative framework leaning towards preventative 

rather than remedial approaches, it is equally important that the quantification of environmental 

impacts and liabilities be brought into the early design stages of the project life cycle, where the choice 

of appropriate technology can effect a reduction in both the amounts of waste generated and the 

environmental hazards associated with the wastes. 

Whilst recognising that knowledge of the key waste properties or characteristics is an essential and 

integral part of quantitative environmental impact predictions, currently available data pertaining to the 

characteristics of solid mineral wastes is largely incomplete and inconsistent, and the mechanisms of 

leachate generation poorly understood (discussed in more detail in Section 1.1.2 and Chapter 6 of the 

thesis). It is this shortcoming that this particular study attempts to address, through the development of 

a generalised strategy for the prediction of key solid mineral waste characteristics, in terms of their 

potential environmental significance. 

Before developing such an approach, it is necessary to provide background information to set the 

problem in context. To this end this chapter begins by highlighting the current situation and 

shortcomings thereof, and providing motivation for the need to address such shortcomings. This 

presents an opportunity to develop a conceptual approach from a scientific perspective which is 

applicable to typical solid wastes generated by the primary mineral-based resource industries. From 

this, the research hypothesis and associated objectives are developed. The chapter concludes with a 

brief description of the significance, scope and structure of the thesis. 
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1.1 Background and motivation 

The targeted metal in any ore deposit is present in relatively small quantities and the mineral-based 

resource industries are thus characterised by large volumes of solid waste, with the share of ore that 

becomes waste typically varying from 25% in the case of the coal sector to > 99% for the gold sector. A 

survey of Canadian metal mines (Warhurst, 2000) has indicated that, in general, the targeted metal or 

metal product accounts for only 2% of the mined ore - the remaining 98% being comprised mainly of 

waste rock (42%), mill tailings (52%), and slags (4%). Other solid wastes produced by the mining and 

minerals industry include flue dusts, residues from leaching and waste water treatment, and slimes and 

sludges from metal recovery operations. 

Historically, the environmental legacy left by the primary metal production and coal-based power 

generation industries has not been a happy one, and these industries have thus become a target for 

environmental legislative bodies and lobbying organisations. Until the start of the 21 sl century, the 

industries response could be summarised by actions that have been aimed primarily at avoiding legal 

liability, international trade embargoes and consumer boycotts. The industry's pOSition has changed 

considerably with the establishment of the Global Mining Initiative (GMI) under the auspices of the 

World Business Council for Sustainable Development (WBCSD) in 1998, and the completion of its 

research project entitled Mining, Minerals and Sustainable Development (MMSD) in May of 2002. 

Although the formal MMSD project initiative ended following the publication of the final report, 

international organisations such as the International Council on Metal and Mining (lCMM) have picked 

up on the industry's stated commitment to sustainable development, and have proposed consolidated 

courses of action. Whilst much of this relates to the Corporate Social Responsibility agenda, there is 

recognition too that a new research agenda is needed, and that, within this, a focus on better waste 

management and materials' stewardship is vitally important (Stewart et ai, 2003b). 

This section highlights a number of relevant issues pertaining to solid mineral wastes from the primary 

mineral-based resource industries, with specific emphasis on the associated environmental impact and 

currently available tools for its prediction. 

1 .1 .1 Solid mineral wastes and the environment 

Solid wastes from the mining and minerals industry are traditionally disposed of to landfill, usually in the 

form of large heaps (dry waste) or slimes dams (wastes in slurry form). Despite their large volumes, 

historically such wastes were considered to be of low environmental risk, and until the middle of the 20th 

century were largely deposited in unengineered sites, frequently located in close proximity to the 

processing plants and/or local settlements. These disposal practises have led to a number of 

catastrophic failures, resulting in extensive environmental damage and, in some cases, even death (see 

discussions by Environment Australia, 1997; the MMSD project, 2002; van Zyl, 1993). Today strict 

legislative controls govern the site selection, design, management and rehabilitation of solid waste 

2 
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disposal sites, with significant technical advances having been made in the fields of geotechnical 

stability, and the control of dust and soil erosion. 

Whilst maintaining the geotechnical stability of mine related structures during their operational life is 

paramount, it is not the only concern. Discussions in the open literature (see for example Dhar, 2000; 

Christie, 2002; Jarvis & Younger, 2000; Environment Australia, 1997; ICMM, 2002; MMSD project, 

2002) indicate that it is the continued generation of contaminated leachate from solid waste deposits 

that is in fact the most serious and pervasive environmental problem related to the mining industry. As 

illustrated diagrammatically in Figure 1.1, leachate generation occurs as a result of water coming into 

contact with the solid waste. Whilst evaporation of this water may occur to a significant extent in dry 

climates, some liquid will also enter and percolate through the deposit, causing contaminants to leach 

into the liquid phase. The resultant contaminant bearing leachant is transported to the base of the bulk 

deposit and, unless contained, will continue to migrate into the surrounding soils and groundwaters, 

causing a pollution plume. Although less spectacular than catastrophic failure, contaminated leachate 

has been found to result in prolonged degradation and pollution of the surrounding environment over 

the long-term, with adverse consequences in terms of biodiversity conservation; quality and use of 

natural resources such as soil and water; as well as health and socio-economic impacts on local 

communities. 

Figure 1.1: leachate generation and transport from a solid waste disposal site. 

(Hansen,2004; Petersen,1998) 

Although the implementation of closure planning is reported by Danielson & Nixon (2000) to have been 

relatively successful in dealing with conventional rehabilitation and reclamation issues such as physical 

stability and revegetation, current regulatory and industrial policies and practices are still deficient in 

dealing effectively with chemical stability issues, and there is increasing concern that they will not be 

3 
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sufficient to prevent post-closure impacts and guarantee a "walk-away' situation 1 (see further 

discussions by Barbour & Shaw, 2000; Christie, 2002; Grundy, 1997; Jarvis & Younger, 2000). 

A recent workshop organised by the Australian Centre for Minerals Extension and Research (ACMER, 

2006) highlighted some of the challenges facing the primary mineral-based resource industries in terms 

of successfully completing their mining operations, and emphasised the need for a more systematic 

assessment of the associated risks and liabilities. 

1.1.2 Solid mineral waste impact assessment 

In accordance with globally accepted sustainability prinCiples, all decisions relating to the development 

of primary resources are required to take into account the environmental (along with the economic, 

technical and socio-political) performance for all phases of the project life cycle, from exploration & 

feasibility through to post-closure. Recent years have seen the development of a number of analytical 

tools for assessing the environmental performance of processes and products, and ultimately for 

providing decision-makers with information on the environmental consequences of their decisions. 

These include Life Cycle Assessment (LCA), Environmental Impact Assessment (EIA), Risk 

Assessment (RA), Cumulative Effects Assessment (CEA) and Strategic Environmental Assessment 

(SEA), to name but a few. In the broader sense environmental assessment tools take the form of 

procedural frameworks of systematic steps for collecting, analysing, interpreting and communicating 

information pertaining to the environmental aspects of a product or process. Whilst the various 

environmental assessment tools can differentiate quite considerably in their purpose and 

methodologies, and even exhibit fundamental differences (see discussions by EEA, 1997 & 1998; 

Heijungs, 1995; Kirkpatrick & Lee, 1999; Partida rio, 2000; SETAC, 1998; Stewart 2001; Tukker, 2000), 

a core element inherent to all environmental assessment tools is the prediction of the absolute or 

relative environmental impacts associated with the process or product. 

Of particular relevance to the primary mineral-based resource industries is the ability to predict the 

potential water and soil-related local (and in some cases even regional) impacts associated with the 

land disposal of solid wastes. As pointed out by authors such as Warhurst & Noronha (2000), Mitchell 

(2000) and Jarvis & Younger (2000) without reliable estimations of these impacts there can naturally be 

no meaningful plan to mitigate the adverse effects. This pertains in particular to the post-closure 

environmental risks and liabilities outlined in the previous sub-section. Furthermore, in a legislative 

framework leaning towards preventative rather than remedial waste management approaches, it is 

equally important that the impact predictions are integrated into the early (strategic and tactical) 

decision-making stages, and are conducted in a manner that allows a clear link between the 

1 A walk-away situation is commonly referred to as one which delivers a maintenance free, self 

sustaining site which complies with acceptable environmental standards over the long-term without 

further interventions. 
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environmental impacts and the waste generation and management processes to be established. In this 

way opportunities to reduce both the amounts of waste generated and the hazardous nature of 

unavoidable waste outputs at source (Le. through the selection and application of appropriate ore 

processing routes and technology options) can be identified in the early scoping and design stages of a 

project. Discussions by a number of authors (e.g. Christie, 2002; Danielson & Nixon, 2000; Sassoon, 

2000) have indicated that environmental impacts pertaining to mineral-based resource industries are 

frequently only addressed once all feasibility issues relating to the project have been resolved, leaving 

little opportunity for improvement in environmental performance, particularly in terms of the post-closure 

impacts and liabilities associated with their operations. 

Whilst forecasting potential environmental impacts, particularly in the early stages of a project, is 

arguably the most important element in an environmental performance assessment, it is also 

recognised as being the most challenging (EEA, 1998). This is particularly so in the case of solid 

wastes from the primary mineral-based resource industries, as the environmental impacts are not 

associated with the quantity of waste generated per se but rather with the generation of leachate, the 

subsequent migration of contaminants into the environment and their bioavailability. The mechanisms 

controlling these processes are complex and generally not fully understood. In addition, industry 

neglects to fully characterise solid waste streams, which is central to efforts to better understand leach 

behaviour. This is particularly the case in the early processing stages of commercial operations, with 

plant data and information focusing largely on technical criteria such as operational throughput and 

product quality. This trend is perpetuated by problems experienced in accurately sampling and assaying 

the large volume, low-grade process streams associated with the earlier beneficiation stages 

(particularly ore extraction, comminution and concentration), as well as uncertainty over what to 

measure. Even in cases where process streams are subjected to assaying, this tends to be based on 

broad assumptions and generalisations regarding minor elements and their dominant deportment 

routes, and the information mostly considered priority (Ayres et al 2002). As a result, currently available 

data and information pertaining to the characteristics of waste outputs from mineral-based resource 

operations, and their subsequent behaviour under disposal conditions, are reported to be largely 

incomplete, inconsistent and very uneven (see for example discussions by Ayres et ai, 2002; Hansen, 

2004; Stewart, 2001). This is particularly so in the case of less commonly occurring or well-known minor 

and trace elements in waste outputs from 'early' beneficiation stages (e.g. waste rock and concentration 

tailings). 

Difficulties also arise due to the fact that solid waste impacts are protracted and may persist for 

hundreds and even thousands of years. There is also often a marked time lag between the generation 

of waste by the process and the appearance of adverse environmental effects. Leachate generation 

and mobility processes are also time-dependent and the resulting environmental concentrations are 

spatially distributed. The relationship between solid waste generation and resulting impact is therefore 

decidedly non-linear and a function of a multitude of process-specific, waste-specific and site-specific 

factors. 

5 
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The following sub-sections provide a brief overview of current approaches and methodologies for 

assessing solid waste characteristics and impacts. 

Quantitative impact prediction modelling and risk characterisation 

The traditional approach to the prediction of contaminant release and potential environmental impact, 

which began evolving in the early 1980's, typically entailed designing laboratory-scale tests with the 

specific objective of simulating leachate generation or release under actual disposal conditions. 

Although this approach was based on the best understanding at the time, the continuing inability of 

laboratory tests to realistically simulate field conditions, and the inaccuracies associated with the 

extrapolation of short-term laboratory tests to full-scale waste deposits, has become increasingly 

recognised by industry and legislative bodies alike (see discussions by Eary et ai, 1990; Environment 

Canada, 1990; Mattigod et ai, 1990; Petersen et ai, 2000; Stegemann & Cote, 1990; van der Sioot et ai, 

2003a; van der Sioot & Dijkstra, 2004). This recognition, coupled with the recent advancements in 

computational capabilities, has prompted the development of mathematical models to overcome 

limitations in empirical leach tests, and ultimately to aid in the prediction of leachate generation from 

solid waste depOSits. Hansen (2004) conducted a comprehensive review and assessment of currently 

available environmental impact assessment tools as part of her doctoral thesis titled "Environmental 

Impact Assessment of Solid Waste Management in the Primary Industries-A New Approach", and found 

these to be "generally deficient in their ability to capture the complexity of impacts associated with solid 

wastes from the primary resource-based industries' as they were "either too Simplistic or too abstract'. 

In an effort to address these current shortcomings, Hansen (2004) developed an integrated and 

rigorous methodology for solid mineral waste impact assessment in the context of coal and combustion 

wastes. This approach views waste depOSits as additional "unit operations", and leachate generation 

within the waste deposit is decoupled from its subsequent sub-surface transport (see Figure 1.2 for 

energy and metallic minerals). This puts the emissions from waste disposal on par with other process 

emissions such as direct gaseous and aqueous emissions, and establishes a clear link between the 

processes generating the waste, the management of the waste deposit and the resulting environmental 

impact. In this way the effect of upstream operational and technology changes as well as pollution 

control or waste management strategies can be evaluated, and this information used to improve 

environmental performance. 

In accordance with the approach of Hansen (2004), the time-dependent concentration profile of mobile 

constituents at the interface between the waste deposit and the surrounding environment is derived by 

means of a mechanistic leachate generation model, which incorporates generic equations to describe 

the complexities of hydrodynamic and oxygen transport in both saturated and unsaturated disposal 

regimes. Once the leachate concentration has been calculated, the fate and transport of the leached 

components into groundwater is assessed using industry-standard hydro-geology plume dispersion 

modelling software such as MODFLOW (McDonald & Harbaugh, 1988) and MT3D (Zheng, 1992). 

Together, the leachate generation and contaminant dispersion models provide a measure of the rate 
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and extent of the groundwater contaminant plume associated '''Ih a solK! '",aSle d,sposal sile, Th is 

quantificatioo of both the inherent spatlal- and time-dependent nature of the erwironmenml impaCIS is 

considererl an essential feature of the propDSed <{Jproach, and one v.t1ich many of Iho current impaCI 

preddoo tools fail to address adequately (see detailed discussoos by Hoosen, 2004). 
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Figur~ 1.2: Extended p,oce .. boundary for th~ primary indu.lri~s (modifi~d from HanMn, 201M) 

The approach proposed by Hansen (2004) is compat ible with risk-baserl erwrroomental assessment 

meth~ogies, such as EnvironmooTal Ris'< Assessment (ERA). With mQ(lelling of leachate generation 

(emlss'lOIls) anrl pollUTion plume spread (environmental cOr>Centratoos) forming Ihe necessary lirst 

steps in the assessment of environmental risks associated with a solK! waSle deIXJS'1 (see Figure 1,3). 

The mcxJel outputs can, furthe.-more, be interpreted to provide a mid·poinl ind'o\!or 01 en¥ironmental 

impact based on eas;ly measured effect criteria such as wale' quaLly, which can be biologo::ally an,1 

,Iete'minist<:al" linked to meanngful risk assessment endpomlS (such as ma;ntenartee 0' bl<}(li¥e's'ty n 

a partk:ular ecosystem) In this way the com~e.itles. controversies and ul'lCerta;nties associated With 

detalieo exposure an,1 effects mexlelling are avoided, whilst still allaining an indication of "s'< The 

a,l¥antage of usn g standards as a meaSure of risk;n the early decision slages of a projecT ilfe cycle, is 

that they can be adapted to rellect sile 0' reg;on specl~ic d;lferences in ecolog,cal sensltiYity or 

backgTOlJ'ld levels in later. more delailed studies, 
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Problem formulation 

RiSk assessmenl 

Exposure characterlsatio" W"tAr qU<1IJ 
- --;c;;-' ,----, 

Ellects 

: -E ~~;;;,;,;; ~;"; ~ ~ ~~;; I~ ,;t;;;';- ;:t----~,<c"-"·""""--+e: --H ~",,,rl- ~I~ ~;'I ~ ~t;; ~ -.: 
':~~~~~~~~_-l~~~~~~~~~_-~,-' :r:!~I00 ~ ___ ::~~._ t 
: EnVlron,,,,,"!"1 eXf'Osure : lootpr",i: , , , 
,-----------------------. midp(1jnl: 

Do,e-reS!loose 
analysis 

IrIdicalcx , ___________________ _ 

Risk characterisatioo 

Risk management 

Figure 1 ,J: A risk-bosed en.iranmental assessment procedurol framework for solid minerol wastes 

(modified from Hansen, 2004) 

A comparisor. of spatially ar.d temporally distruuted er.viro"mer.tal cor.centrat,ons with water quality 

criteria provdos ar. indicatior. of the IJnd area or voluma impacted hy the depOSiTior. 01 solid waste, as 

demonstratad 11 Fioure 1.4. Th ~ quaotitat,ve Ir.d.:ater termed ao "Impacted Lar.d Footprint", provides a 

uselul measure agalr.st which variables such as upstream operatn g cOr.lltio"s (which_ after all, defile 

the amouot a"d composit<>r. of generated waste), waste mar.agemer.t practices, dosposal site locatKln 

and des>gn, and eve" primary ores can be readily assossed, This indicator can also he used to ilssess 

mioera resource-based impacts, sLdl as deyradat.on 0/ soi: and water Quality. which is of particUlJr 

rele.ance to waWr-scarce regions such as thoso found in South Africa 

Whilst the geoeric aPflroach aod leachate ge<leratioo modelling capabilities dev~oped by Hansen 

(2!)J4j represeot a S'gr.ilicant advancement io terms 0/ enablng more accLX3te assessment of 

envrroomental impacts from the mireral-based resourc e i"wstr;es_ applicatoon to date has boen larqoly 

'-ruited to the migratia1 of major salts from coal wastes, AltholJ(jh tt is recognisad that an assessmer.t 

of the snvironmantal impact of solid waste disposal is not complete "';thout a co"s'deratio" of the fate 

of the constituent metals, the considerator. of trace metal leachiog Will significantly ir.crease the 

complexity and accuracy requrreo;:l hy both the leachate ger.erat..., and mass transport mode's. This is 

part>::ular~ the case for sol<1 mir.eral wastes, which are ge"erally composed of a multitude of trace 

me~als in var>ous forms; the mobility of which is controiied by a comp!ax network 01 compating 

parameters a"d meehan',sms, 
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Figur,,'.4: impocted lond footprint showing occcptobic and unocccptobic 

,eglons of conl.mlMtlon (Hansen, 2004) 

Chapter 1 

As indicated by Mangold & Tsang ('99') aoo Hut&Qn & Wagenet (j995), a predctiva rrodol wh i;;h 

takes into account all the cherr.cal reactions and hytlrudynarr.ic procasses and paramstors lor all trace 

matals would ,oquira mom advancod computatiooal facilities than currontiy oxist. as we. as extensive 

model input data. The major challoogs to the miiabio and intelligent application of "'pact prediction 

mode:s to sd.joj m'rwral wastss thus lios in the ability to minirrise t~o corrplexitie~ involved, through the 

application of rreaningful assumptions and gsnoralisations, without 'mpacting on the accuracy of the 

rosults. In t~is mgard, waste characterisar~n and data collection i~ an integral part of leachato 

generation modeiiing. particuiarly in term~ of ider1tl!y'lng key cherr.ical and physical charactsristics 01 the 

waste; the important reoction~ taking place; as well as the bulk transport behaviour. Furt~ermore, as 

postulated by Hansen (2()()4), the appl'.::ation cJ: wasto characterisation mat~odologles to identify one or 

t",o strategic metals, selecteJ on the basis of potsnt~1 onvronmontal risk ar>d for which the impacted 

laoo footpr;llt can be assumed to encompass othor rr.etal footprints, wiii clearly redl.Ce modelling 

ellort~. ThIS cOCH:;ept is discus~ed further In Chapter 2 of tho thosis. 

Solid waste characterisation for environm .. nt~1 "'p~ct predictions 

In tho broadsr sensa. wasto characterisation entails describing the qualities or properties of a particuk1r 

wasto material in terrr.s of its potootiai erwironrr..ental impact acd suitability for furthsr processing, 

treatrr.ent storago or disposal. 

A nurr.ber 0: laboratory-scala mothodoiogiss have boon developed tor the characterisatioo of solid 

wastes, the most commonly appli9d ones 01 which are surr.marisoo in Table ,., overleaf 
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In general, the characterisation of solid wastes can be based on a number of criteria including chemical 

compositions. physical properties. and leach behaviour. Of these characteristics, it is, however, the 

leach behaviour which is considered to provide the most pertinent information in terms of potential 

environmental availability and impacts of solid waste constituents, and which has been the focus of both 

industry and legislative bodies. As previously alluded to, the direct extrapolation of such empirical waste 

characterisation test results to full-scale waste deposits is fraught with inaccuracies and uncertainties. 

This can be attributed largely to the fact that many of the key reaction mechanisms controlling the leach 

behaviour of major phases in solid minerals wastes are extremely slow, and consequently the dominant 

chemistry of the pore solutions (pH, Eh and ionic strength) cannot be simulated in short-term leach 

tests. Furthermore, empirical leachate extraction tests cannot adequately simulate the physical 

transport processes, including the non-ideal fluid flow and gas diffusion mechanisms, occurring in a full-

1 scale deposit. Nevertheless empirical waste characterisation methods can provide useful information 

on the potential behaviour of solid wastes under disposal conditions, with the complexity of the leachate 

generation models, and consequently the reliability and accuracy of the derived results, being largely 

dependent on how much is known regarding the compositions of the wastes and the mechanisms 

governing their time-related release in a disposal scenario. 

The vast number of solid waste characterisation methodologies, particularly in terms of leach tests, 

which differ greatly in procedural details, complexity and costs, creates difficulties in knowing when to 

use a particular test, or combinations thereof, and how to interpret derived results in a way that is 

meaningful. This situation is aggravated further by the fact that historically the main objective behind 

such procedures has been to classify or " type" wastes, rather than to build up a better understanding of 

the complex and time-dependent behaviour within waste deposits, and/or to assess their dynamic 

potential to generate leachate (Petersen et ai, 2000). As a consequence, empirical waste 

characterisation tests are frequently applied to wastes indiscriminately, and with little consideration to 

the material being tested and the key parameters involved. Prominent amongst these is the Toxicity 

Characteristic Leaching Procedure (TCLP) of the US EPA (1992), which still enjoys widespread use 

around the world, despite its inadequacies and the uncertainties associated with its outcomes (Cohen 

et ai, 1999; Hage & Mulder, 2004). This results in confusion and controversy regarding the 

interpretatiol') and validity of the test results, and solid mineral wastes that are poorly characterised. 

As indicated in Table 1.2, each empirical waste characterisation methodology has its limitations, and is 

. specifically designed to reveal only one or two aspects of the properties and leach behaviour of the solid 

under investigation. These limitations, in combination with the inherently complex nature of the solid 

waste disposal system, means that the derivation of information and data for impact prediction 

modelling will require execution of a number of different characterisation methodologies, in the form of 

a systematic empirical test protocol. In order to deliver results that are meaningful and reliable, the 

design and application of such a protocol also needs to be informed, particularly in terms of a sound 

fundamental understanding of the limitations and attributes of the various methods employed; the key 

constituents of potential environmental significance; as well as the dominant factors governing the time-

12 
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dependent leach behaviour in a typical disposal scenafio. It is only recently that the need for such a 

systematic and informed protocol of solid waste characterisation tests in terms of reliable impact 

prediction modelling has been recognised (Petersen et ai, 2000; Sanchez et ai, 2003; van der Sioot et 

ai, 2003b; van der Sioot & Dijkstra, 2004). In the specific case of solid wastes from the primary mineral­

based resource industries, the development and application of suitable empirical characterisation 

protocols has been particularly limited, and has been identified by Hansen (2004) as one of the key 

requirement in terms of improving the reliability of effective solid waste impact predictions and 

management. 

1.2 A new approach to waste characterisation- developing the 

hypothesis 

Discussions in the previous section have provided some insights into the significance of waste 

characterisation in the assessment and management of solid mineral wastes, as well as the limitations 

and shortcomings pertaining to current availability, and empirical approaches for the derivation, of solid 

mineral waste characterisation data and information. This provides both the opportunity and motivation 

for the development of a conceptual methodological approach for predicting the key characteristics of 

solid mineral wastes, the development of which corresponds with the hypothesis, aims and structure of 

the thesis. 

1 .2.1 Statement of the problem 

Knowledge of the characteristics of a solid waste, particularly in terms of strategic contaminants and the 

mechanisms and parameters controlling the leach behaviour thereof, is required in order to accurately 

and reliably predict the generation of leachate from, and ultimately the environmental impacts 

associated with, its land deposition. Unfortunately, currently available data pertaining to the 

characteristics of solid mineral wastes is largely incomplete and inconsistent, and the mechanisms of 

leachate generation poorly understood. Furthermore, whilst a vast number of empirical methodologies 

have been developed for the characterisation of solid wastes, the bounds of uncertainty and inefficiency 

associated with currently available methodologies remain high. 

The need to improve the way in which solid mineral wastes are characterised is driven not only by the 

limitations in terms of current data bases and methodologies for the generation of such. There is also a 

requirement for a more systematic and rigorous approach which will ensure that the necessary data 

and nformation is integrated into the decision stages of a project life cycle in a time and cost effective 

manner. 

13 
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Tabl~ 1 2: St,mdord wost~ charactmisotion m{)thodologi{)s: Int"'-pretotion and limitotions of dotoJjnformation outputs 

T~~ ,!cooonptioo Applc"tloo '" I nl~rprot~tloo 01 <lat"/lnformatloo ()Utrul~ 

Analytical & static empirical mBthodologies 

f--- ------- -

Seqllential chemk:al 
eXlraction test, 
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and/or neutralisinQ 
capacities 

Malo! i'{lut <i.;t. pertaining to fluid fl()W~~IlCh'l~ 
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~ 0 inl~r potential a_allabillty and ~nvironm<Kl1n1 

s;g rMf"ance of conlamnanls, in coojllnclion with 
mir>eralo:jcal irlformatlon 

To inf'" pore,.,.k11 ovoilabiliy nnd "Kj"t"once of 
coolamonants. in e0 ri metioo w,h element m"1~~is 

To inf'" potenlk11 phases a no:J reaction~ controlling 

~ement r"ease 

To identify ~fh;1 of ch~mc~1 w""'thcring Or Ic,chl"'!J on 
Ghormo~1 propor1ics 

To inter potential environmcntol "0' In tcrm~ of IlCid 
drninaue generotoon 
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- --------------------------------1'----------------- ------------- -- -------------------------------

Laboratory IMch tests 

Smalc b~tGh ~<tractloo tc~t" 
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Table 1.2 continued ...... 

Test description Application & interpretation of data/information outputs Specific limitations 

• To identify main types of chemical mechanisms controlling • Cannot identify or quantify very slow, kinetically controlled reactions 

Parallel batch extraction contaminant release under various disposal conditions · Cannot simulate effect of low US ratios, and/or simulate low US disposal 
tests under variable · To identify controlling solid phases and derive quantitative regimes 
conditions reaction equations, in conjunction with thermodynamic • Do not provide information on the time-related nature of contaminant 

analysis release 

--------------------------------------- ----------------------------------------------------------------------------------------------------- -------------------------------------------.------------------------------------------------------------

• To derive an estimate of the time-dependent concentration • Cannot identify or quantify very slow, kinetically controlled reactions 

Serial batch tests 
profiles, in conjunction with knowledge on field flow rates 

• Cannot simulate effect of low US ratios, and/or simulate low US disposal 

• To quantify maximum availability over geological time regimes 

• To identify main types of chemical mechanisms controlling · Information too limited to identify controlling solids and reaction equations, 
contaminant release or to assess effects of variable disposal conditions 

------------------------------------------ --------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------

Concentration build-up tests 
To analyse effects of high ionic strength and saturated pore • Interpretation in terms of field conditions is highly uncertain 

solution concentrations on contaminant availability · Results are unlikely to be applicable to high US disposal regimes 

-------------------------------------------- --------~---------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------

To derive an estimate of the time-dependent concentration · Cannot identify or analyse very slow, kinetically controlled reactions • 
profiles, in conjunction with knowledge on field flow rates. · Cannot simulate high US disposal regimes 

· To quantify maximum availability over geological time. · Information too limited to identify controlling solids and reaction equations, 
Flow-through tests 

or to assess effects of disposal conditions · To identify main types of chemical mechanisms controlling 
contaminant release · Tests are time -consuming and complicated to set-up and run 

• To derive quantitative data on hydrodynamic characteristics • Results tend to be erratic and inconsistent 

15 
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1 .2.2 Research hypothesis and objective 

The overarching aim of this research thesis is to develop a structured and generalised methodology for 

predicting the characteristics of solid wastes from the primary processing of mineral ore deposits, in 

terms of their key environmental significance. 

As demonstrated in Figure 1.5, the properties or characteristics of any particular mineral waste will be 

directly influenced by the characteristics of the ore from which it is derived, and the process(es) from 

which it is generated. The selection of process(es) and/or technologies used to extract a particular 

targeted constituent from the ore is, in turn, largely dependent on the characteristics of the ore deposit. 

Ore deposit iii 
characteristics _________ .. 

I 
I 
t 
I 
I 'f _______ _ Waste 

characteristics 
Metal/mineral 

products 

---+ Material chain - - -.. Cause-effect chain 

Figure 1.5: Inter-relationship between ores, processing routes and waste outputs 

On this basis, the research hypothesis is formulated that: it is both necessary and possible to 

predict the key environmental characteristics of solid mineral wastes from a consideration of 

ore type and composition (i.e. the origins), combined with knowledge of the process route from 

ore to waste (i.e. the primary source). 

The reliable prediction of key solid mineral waste characteristics on the basis of origin and source 

requires detailed information and data pertaining to the compositions of ores from which they originate, 

as well as the deportment of such components to waste outputs during ore processing. However, as 

discussed in the previous section, the availability of such data and information is extremely limited, and 

there is currently little possibility of compiling a comprehensive, and at the same time comprehensible, 

inventory of process inputs and outputs for existing (let alone new) primary mineral resource operations 

on this basis. 

1.2.3 Research approach 

In line with the overarching research objective and hypothesis, a conceptual methodological approach, 

demonstrated diagrammatically in Figure 1.6, is proposed which essentially entails addressing current 

data gaps and deficiencies through reconciliation of available empirical data with a fundamental 

understanding of the mechanisms and parameters influencing element speciation and distribution 

behaviour during ore formation, extraction and beneficiation, and ultimately waste disposal. On this 

basis, quantitative distribution data can be generated, which, when combined with total mass flow 

16 
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inforwation, Will resuli in a first-order Inventory list of process '''PutS and outputs as a fJllCtion of feed 

compositions, proeossltlg t9chrlOloilOS, w1d wclste rnanagew,ent options The hybrid seml­

empiricaVsemi-tundamental nature 01 tho approach is cons istent with recent trends in turns of the 

siw,ciation or pred..,tive wodeHirog 01 wetaH~rg(;a: roaGtors, I'.tlich r.we boon promptod larg&ly by the 

recognition ot the limitations associated I'.i:h eillwr pJroiy Ihww,odynawic rnod&ll'lng approoches or 

pJrely ew,plrical approaches (Eksteon & Router, 2003; Goorga!!i 01 a!, 2002) 
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Figure ,_S: Cenceptu~1 approach for the prediction of key solid wasle ch • ..,cterislics ~nd ~ssociatad 

pote nti.1 enllironment.1 risk 

The proposed approach for the screening of key W2Ste characteris;ics on the baSis of origin and Source 

is, furthermore, underpinned by a qualitative understanding 0: th e sold waste characteristKoS of key 

siQnif ..,aoce 'In terms of pote<lt ial environmental risk I.e, the link between the sol d waste properties 

and assoc,ated enVIronmental impacts, as w,,1 as the key factors In:!ueoc';ng those ch"mcte .. istKos in 

terms of the or;gins and Socrce 0: the wastes- I.e, the link between feed ores , ore beneficicltion 

processes and solid was:es_ This pertains In partKou!ar to the mechanisms and parameters controlling 

the properties, distribut>on and associations of elements within o .. e depoSits, across process unit 

operations 2nd, ultim,ateiy, frow solid waste ci SpOS21 sltes_ Scch an Jndwstandong form,s the basis fo' 
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the establ;shment of gener<; cnteria and pro:oc~s for predi<:ting koy sold minoral wasto charactorist kos 

in accordance With the;r or;gins and source. 

In surrmary this spocilic study aims to' 

1, Develop a qualitaTive understandirog of the key factors 'mo,",ed n the ore for.,-,ation -> extractIOn & 

bonefd a:'on ,waste tranagement & disp:>sal-> leachate generation -,env'ronmental impact 

mochan Ist'C chain, particularly;n term~ of reaction mechanisms and the;r assoc;ated parameters 

whc h ;nfluerce element dstribu:;ons and associations over the ma:erialtransform atkln chain. 

2. Develop goner'c criteria, protoco ls and methodologca l gu;delines fo r predkotn g key solid m;neral 

wasto charactoristics of environmental s;gn ificarce on the basis of the;r or;gin (ore type) and source 

(gonerating process) 

3, Demonstrato tt>o application of the proposed methcrl:;Hogy as 1'1 .. 1 as the wderstand'rog and 

cr'torlJ developed 'n 1 and 2, by means of sUitable caSe stud",s, 

1 ,2.4 Research scope and significance 

In line With the research aims, tt>o scope of this study is spocificalr, concemed ""th the ;nf luence of ore 

character;stics and benefko iat;on variables on tho physio-chem koal propert'es and leach behaviour of the 

saM waste outpulS, and tho implkoatk)ns ot those characterist'cs on potential leachate concentration 

prof:.os and onviroorrOtl:al impacts n a dsposal scenario (see F';)ure 1 ,7), 

'N ... " """~ , ,,,, .,,, , ________ _ 

,---- ------ , : - : , "'" ' , ~ , 

:- "':':':"':"~~ -:------: - ~ :'.~~:-: 

I 
• 

'~o"", '" 
"" .oro .. ,." ,,", ,,~, ~., L-- ~,'" 

• 
".-.n , ~-Oll """C, r--' 

> 

Figur~ 1.7: Contextualisalion of the scope of study (illu.lr.l~d by shaded areas and solid lines) 

The accurate pre<fct;on of env ironmontal impacts clearly requires conside ration 01 the tate ot 

contam'nants ;n the swsurfaco Otlvironmont, as well as the effects of site,spoc ltlC faCTors (o.g 
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yeohydrobgy, local bk;:.diverSlty, r~intall. d,spOSJI praclicOS) , In IhlS work, however, Ihe 'ocu~ is 

s~ificul", on waste-specit ic 'actors. arxl leJGh~te ~eneration 's (locoLJrHe<:l from ilS subsequenl s~b­

surface transport, SL.<;h that the enVlronmental pertormJnce of J wJste dopo~it IS rolJtod drrcclly to the 

nature of thp material consigned therein, arxl the key fJCIO' S (Ioterminlng s·JCh (i,e, Wm;W origins Jrxl 

source). 

IT ,s 'urthormoro po"tu atnd 111,,1 tho ~tr'JCtured p<ediL1ion of sol:d waste charactenst o;s on thp basIs of 

origin Jnd swrce ""II allow 'or more roliablo and effective empir ical "hmacterisation protocols. This in 

turn will ens~re" mor~ "Ccur~te "ss~,',''''''nl of Ihe l imo·dO)1('nd(>n1 10m;h" l(> gorwralioe lXlhHviour of 

wasle mcll(>riclls, ultimate", resulting in more realistic quantitative impact predk;tims. As indk:atpd ie thp 

prev>:Jus section. the availability of prior in'ormation pertaining to the physio-chem!cal compositioe, JS 

we:' ~s the kieetic and metabolk: behavioLX. of cms:ituent comp::;:.neets is 0' particular importJnce n 

term s of the inlell';Jenl desigl ~ed aPl'M;atim of an emprical wastp characterisatron tpst protocol Apart 

from guiding detail!'d em~iri"al and preJiL1i,'e modelling studes. predcted waste characterisation data 

cae also 00 used. ie coe;LJnction with rolJ!,voly SimpI!' mas~ Irclnsport eqJcllions. 10 "ondu,,1 firsl·order 

or s"reening assessments of potee:ial envrronmentJI impacts directly A proposed systemJtic Jrxl 

ilerati,'e woceduml 'mmework for the nsk-based assessment of environmental impacts. in which the 

pre~'minary screening of waste chJrJc:errstics OIl the basis ot origin Jnd SOLJrce 'IS J f~edamental 

componpnt, is pmspntecl in F,g~re 1.8_ 

Pro~l .m lormul" lion 
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~~ 
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Figure 1.S, Proced ura l fram~work lor lhe syslemalic a • • e .. ment 01 en.iranmenlal ri.k. associ"'~d wilh 

s olid mineral wasle. 
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The preddlOll of waste charocterist K: s on the basis of or igin and sourCe can clearly playa key role in 

informing dec ision -making In the early stages of ~ prOject life-cycle, as well as in guid ng fu rther d~ta 

colloction and performance ~ssessment stLXfies in I~ter project st~ges, Whilst the locus of this p~rt" ul~ r 

stLXfy IS spec ifK:~ lIy on environmental perform ance, ~ better lJ'lderstanding of the d istributions of minor 

and trace ore cCfflpoMnts during beneficiation can also play an ""mortant ro le in the evaluation of other 

performance criteria, includ ng eco~omK: viabi lity and, i~ part>cular, eco.effCiency', 

Of koy impo~anco in torm s of tho occurocy and specif>city of predcted waste ch aract erisatio~ d~ta and 

'nlormation, is tho itomt;vo or hier~rcho:oal nature of typk~1 process design and dilta collection protocols 

As lIomonstratod diagrammat i:o~lIy in Figuro 1,9, the seloct ion of procoss options to dolivor dosigns 

consistont with intomati o n~ lIy ~ccepted sustain~bility prirJCipies is ideally condu:oted in an itorativo 

mannor, with ncre~s;ng a~>culation of detail and red u:oed urlCert~inty ~s one progresses from the 

cOllC"fItua l to the fnal design stages . 

~ ., 
" •• 
~ 
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" :0 
" '" ~ 

............. ---- .. -------. r----------------------------------·- -

Gener ic process design methodology 

Gener.tlon of .ftern.li~es 
FIo ..... sh"" l dev"~m""1 

.~ · Mass and onorgy bal~ncos 

Prace!>!> data 

Analysis of alternative. 
P.riormancc c"alualoo 

~ ~ 
C'COnomlc 
erwironm""lal 

• socio-roI itic~1 
.~ • to'C m c,,1 , 

Qu!>nrffl,.d 
Information 

, , 
~~ Selection of preferred 

alternativc(s) 

I 

Process design sUlges 

Conceplualipre­
feasibilily 

]" 

Prc i mimry 
d.,ign 

Final des ign 

Broad perspective 
(low leve' of 
II){ <X1l"" ioo, 

compi.oxity ~nd 

~~1ty) 

~~ 

N~rrow perspectlVlO 
(high Ie"ei at 
inf<xmarion, 

compl<wly ~nd 
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---.-- --------------------------------- , --------"--_ ... _--------._----- -------

Figur~ 1_9: Iterative proce .. design ~nd d~ta col lectIon 

Th is sy;temat:c approach onsuros that data and 'n formation requ irements remain manageabie a~d that 

processes aro dosiQ~od a~d implemented in a cost and time efficient manner. This is partK:u larly 

, Eco-off i:olency has been identif;ed by the Wood Businoss Cou~cil for Sustalna t> e Development 

(WBCSD, 1996) as ~ key d-iver for companie5 i~ terms of mooti~g sustain~b ility objectives - combn ing 

economIc rnprovements with moro oiiK:iont uso of rosources and th e prevention of environmenta l 

em issions or dogradation 
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imporlant in Ihe early design stag<lS whkoh mo u"ually Ghnrocteri,ed by a large nurnl:Jer of alternatives 

(tWl;ally 7-15\ and relatively broad systom bourKi:\rres (see discussions by Basson & Petr .. , 2003; 

Stewart el "I, 2003a) 

Tho gor1Oro:; approach ootli ood in the prev >o<lS soction is Ihus aime<J at yenerati"Y characteri,ation data 

whkoh is in lin<) with e~r", de~ign stage or screening risk assessmont information roquirernent~ in term, 

of UClCertainty. a roasonablo deyree of wh K:h is both necessary and oos~~blo . In accordance with 

Douglas (1998), such UClCort~inty i~ typ(;ally in the range of 25~; to 40%, and is indt:ativo of l)'Pical Or 

generK:, rather than absolulo, valuo". 

1.3 Thesis structure and layout 

The approach to lu llilling tho ams and ~cope of this study, as outlined in the previous sub-section, IS 

closoly reflected in the thes is layout, as represented schomatically in Figure 1 10 

Chapter 1 
rh8Sis introduction 

~ ---
Chapters 2-5 Chapters 6-8 

Devolopmont of the 
gOnoJralisod methodology Case study applications 

~ ---
Chapter 9 

Cooclusions & recommendatiGr'lS 

Figure t.' 0: Schematic reprMMt~tion 01 tho! the,i. ,truoture 

Chaptors 2 10 G are amod at devebping the qualitative urrlJrstanding, protoco ls and methockllog koal 

guKlolin<)s which underpin the proposed predict ive approach, thereby fulfilling the first two key research 

ob(OGtivos. Spocifically Chapter 2 identifies so i d waste characteristics of key significance in terms of 

their potential environmental 'rupael and risk. thus establishing tho framework for tho exploration of 

those factors that contribute to variations in ioontifiod charocteristics, a, a function of om typo and 

characteristics (Chapter 3), and subsequent processing routes and reactor tochnologies (Chapt()l" 4). 

Geooral methodological guidelines in terms of the technkoal tasks associated with the predictive 

approach are ootlined in Chapter 5 

In lino wit~ Ihe third 'peeif," research obj'ectlve, appl K:atloo of the approach is demonstrated by means 

of appropriate case stud ies in Chapters 6 to 8. fhe primary cappor production induslry soctor has bNn 

selected for this purpose, as it is a well-oofit)()(j and described industry that enccrnpasses many of the 
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comp lexities and problems tynica lly associated with the Dfimary mineral-based resource industries 

These relate in particu lar to Ihe presence ot multiDie co-elements, complex :xocess tlow-sheets, as well 

as oarge volume wastes posina a relative ly hli;h environmental risk Three sepMate oot nter-relaled 

case slucUes, as DfeSe<lted in Fli;u re 1 11, h~ve been selected to specif cally demonstrate the key 

features 01 the ~eneric rule -based methodology devebped in the preceding chapters of too thesis. SlX:h 

featu res pert~in in p~rticu lM to predictioos of the chemcal and mineralogc al compositions of ore 

deposits (case study 1), the subsequent dist rlootion of ore components during ore beneficiation (case 

studies 1 and 3), and the resu lting environmenlal ,rnplicaliOnS associa led wilh the land disposdl of solid 

wasle outpuls (case sludy 2.) , 

Finally, Chapter 9 discusses Ihe si[1liticant tindings and conclusions, and proposes a way forward. 

Chapter 6: Case Study 1 

Chemical compos tion of coope" sul[lhide ore 
deposits 

j 
Distribution ot ore components during mining and 

concentration 

Chemkoal composition 01 coope" Chemic~1 composlti:m of copper 
sul;i1ide flotaton tailings su lphide flotation concentrates 

Chapter 7: Case Study 2 ; 
Chemical behaviour 01 

Chapter S: Case Study 3 

conslituents in copper sulphide 
t~i li ng impoundnents Dislribul,on ot com ponents 

j duri"); smeltng of copper 
5u!phKie concentrates as a 

Relative env ironrrental fLnCt ion of furnace 
significance of constiluenlS on le.chnology 

the basis of mobi lity and hazard 
po lenlial 

~ ~ 

Fi gure 1.11 : Lay-""t of th e ca .~ study appli oations 
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Solid Mineral Waste Characteristics: Establishing 

the Link between Waste, Leachate and 

Environmental Impact 

A qualitative lIlderstanding of the soliel wastp. charactoristK;s of koy significance n terms of potential 

p.nvironrnontal rnfX\Ct and risk predictions is an integral and ossontial pmt of tho wopDSed 

mp.t~loIo<:JY lor tho ~roddK>n of kay solid rnir.era; wastp. characteristics. Bawd on this understanding 

elwironrnf'rltal impacts can be ralated back through thp. waste Ip.ac\late ~ (onvironmontal 

concontmt'on) --+ C'n'.'ironrner.tal impact chain to the cr.aractp.r;st~s 01 the ioachato gonomtoo by a 

was!p. dtsf:>Osal silo and ultimately to the characteristics of the waste material conta;nod theroin. 

A review 01 1M open literature (p..g. Bourg, 1995; Emy ot al t 99{); ICMM, 1995; Jor.es, 1995; OEeD, 

1993; Parametri~, 1995) indicates that there am throo o'.'or-arc~'ng critor~ wh",h nGed to be met " 

ordor for a solid mineral waste to pose a r;~k to thp. environment, viz, 

1 Or,,, or mor" of too components must have an inneroot capacity or ~otontial to causo harm; ~nd 

2. Tho ha~ardoLls componentls) mLlst be present in the waste in environmp.ntally significant 

concentrations or quantities: and 

3 The Mzarrlous component(~) must t>P. availablo !or u~tako or adsorpt>::>n by organisms i.o. they 

mLlst be bKlavaiiable. In oroor to be bioavailable, solid waste comfX'!1onts first nood to bo availaOio 

for ro loase from the disposai site. and subsp.qlJP.ntiy transported within tne environment i.o. such 

comp.ononts neod to be environmental" available in order to be bioavailablp.. I! a soiid wastp. 

comfX'!1ont is immobile under specific dlsposai condlt!ons. It will r.ot be p.nVlronmentaliy availablp. 

and will thus p.ose no environmentai risk, regardless of its hazarrl p.otential arid concp.ntratlOll 

within tho solid waste. 

Both tho hazardous nature and the mobility of solin waste constitup.nts are, '<1 tL.l'"n. rlp.;:>6!"Ideflt to a 

largo oxtont on the constituent concentration. 
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As illustrated in Figure 2.1, the potential environmental risk posed by a solid waste can thus be 

considered a flllGtion of two main criteria, ¥iz, the hazard potential of the wa ste constituents and the 

possibility of such constituents becoming mob!e or a¥ailatMe for re lease to the environment under 

disposal conditions. 

Hazardous properties of I<- Corstituent f- Leach behav loLX of 
waste constituents concentrations constituents 

~ / ~ / 
Hazard potential I I Availabi f ty potential 

~ ----~ 

I Environmental risk potential I 
.. 

Figure 2.1 : Sol id waste properties of key environment"1 signific"nce 

The key factors influenci1g the hazaroous propertl€s and availability of typica l so li d waste constituents 

are (jent,fied and assessed i1 Sections 2.1 and 2.2 respective". This knol'o1edge will four. the baSIS for 

sLilsequent comparisons of ore (Chapter 3) ann pra;ess ir.g (Chapter 4) factors which contrib<Jte to 

variations in these chamcterist~s. The criteria for evaluatn g the hazard and availability potential of 

~"'i <i wa51e constituents can furthermore be applied to esflmate an<i compare the relalive 

environmental risk associated with each of the various constltLJents , in accordance \·~th the gener., 

protoc~ proposed in Sect;on 2.3, 

2.1 The hazard potential of typical solid mineral waste 

constituents 

The identifK:ation of the hazarns associated with a part~ular chemical species is commonly used to 

type or classify substances accord ing to their hazardous properties ann associated risks (e.g acut~y 

tox~. mrx.lerate" toxic. corros ive, flammab'e etc), ann is an important part of conventional 

environmental ri5k assessment (ERA) procedures (as illustrated cj agrammat'ca lly in Figure 1.3. 

Section 1.1) 

Thl5 5ub-section ident il ies spedf., hazard potenti ~1 criteria of key environmental signif.,ance n the 

case 01 solid wastes from the primary rr. n eral-oosed resource innustries (Section 2.1.1), and uses 

These cr,teria to group and rank typ<::al solid waste constituents according ly (Section 2,1.2) 
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2.1 .1 Identification of key hazard potential criteria for solid mineral wastes 

As discussed in detail by previous authors (e.g. Hansen, 2004; Notten, 2001; Dallas & Day, 1993), 

contaminants associated with solid wastes from the primary mineral-based resource industries are 

typically salts and metals (including metalloids or semi-metals). Besides elevated metal concentrations 

and high salinity, leachates generated from solid mineral wastes also often exhibit extreme pH values. 

Highly acidic leachate is typically associated with solid wastes arising from the early beneficiation of 

sulphide ores, whilst a number of waste leachates, such as those arising from coal-combustion ash. 

dumps and smelter slags, are very alkaline. Subsequent migration of contaminants within the 

surrounding environment can lead to ecotoxic and human toxic effects, and may also have an adverse 

effect on the quality, and consequently the usability, of water sources (ground and surface) and soils .. 

Degradation of water sources is of particular relevance to water-scarce areas such as those occurring 

within South Africa, and recognition of this has prompted the South African Department of Water Affairs 

and Forestry (DW AF, 1998) to place considerable emphasis on the need for sustainable exploitation of 

water (in terms of quality, quantity as well as reliability of supply). 

Contamination of natural resources does not necessarily result in pollution or constitute an 

environmental impact. Vegter (2001) defines contaminants as substances found in a medium at a 

concentration higher than expected from other considerations, and where the source of the additional 

concentration of the substance is as a direct result of human activity. Furthermore, a contaminant is 

only considered a pollutant if the observed contamination is high enough to cause harm or damage. 

The release of a substance to the environment must thus occur at a concentration which is both 

elevated in comparison to "naturally occurring background levels" and high enough to cause some form 

of harm or damage, in order to have an adverse environmental effect. 

The relationship between concentration and toxicity is particularly important in the case of naturally 

occurring elements, which comprise the bulk components in solid waste from the primary mineral­

based resource industries. Whilst many of these naturally occurring elements exhibit toxic properties at 

high doses, certain elements are essential for life and are required in mammalian and plant nutrition. 

The biological significance of naturally occurring elements in terms of essentiality is summarised in 

Table 2.1. It should, however, be noted that the concept of essentiality is under constant review as 

research makes progress, and an unequivocal classification is virtually impOSSible. 

25 
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Table 2.1: Essentiality of naturally occurring elements (ANZECC, 1999; Cox, 1995; Forstner & Wittman, 

1981; logan & Traina, 1993; Torrey, 1978) 

Non-essential Essential 

Humans and animals Plants 

AI ,Sb, Be, Cd, Pb, Bi, Hg, Micro-nutrients: Micro-nutrients: 

Ag, Pb, Li, Br, Rb, Sr, Cs, Sr, Cr, Cu, Fe, Mn, Mo, Ni, Se, (Sn) , F, I, B, Cu, Fe, Mn, Mo, In, V, (Ni), CI 

Sc, Ti, lr, Hf, Ta, Nb, Re, Co, In, (V), (Si), (As), (B), (W), (Ba) Macro-nutrients: 

PGMs, Au, In, TI, Br, Te Macro-nutrients: Mg, K, P, Ca, S 

Na,Ca,S,P,Mg,K,CI 

Note: Figures in brackets represent possible nutrients. 

As indicated by the dose-response curves in Figure 2.2 below, both deficiencies and excesses of 

essential elements can adversely affect the health of an organism. In contrast, non-essential elements 

have a negligible effect on organisms at a below-threshold level, becoming increasingly toxic as the 

dose increases above this level. 

D 
Deficiency Sufficiency 

~------------~ 

Severe 

Increase in micronutrient supply q 

D Tolerable Toxic 

Subclinical 

Moderate 

Severe 

Increase in element supply q 

Essential 
Elements 

Toxicity 

Non-essential 
Elements 

Lethal 

Figure 2.2: Typical dose-response diagram for essential and non-essential elements (Forstner & Wittman, 

1981) 

26 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2 

Wh:lst virtual", all elements are toxic l...nen supplied In excess of opt imum (ess""tial) or tolerable (non­

essential) leve ls, the concentrations at \l'lhich toxicity and/or deficiency occurs w.1I vary quite 

considerably for the dltterent elements, Highly toxic elements will exhibit to<lClty at relatrvely low 

concentratioM, whilst elements exhiOiting a "low" or "moderate' toxicity w, 1I exhibit tax", effects at 

cOllsiclerab~ hi\ller l€'Vels 

Toxicity, or the level at I,h ",h toxic effects occur, Is , however, also dependent on a number of other 

factors (see for examp~e reviel's oy ANZECC, 1999: Chapman & Wang, 2000; Dallas & Day, 1993: 

Fbrstna & Wittman, 1981 ; Logan & Trian a, 1993: Parametnx, 1995; RubenstB1n & Segal. 1993) 

Whilst chemical form or speciation is of particular reievar.::e to meta, and metalloids (see Table 2 ,2) 

toXtc effects of trace metals will also be highly dependent on the nature and W! 1istory of the exposed 

organisms (ir.cluding aspects such as age, sex, ievels of starvation and activity), An evaluation of the 

toxidty of metals and metalloids is further comp lK:ated by the ability of organ~ms to genetically adapt to 

changes n metal concentration levels, ar.d by the synergistK: or antagonist", effects of metals occurring 

sim Li tanoously 

T8ble 2.2' The env ironmuntal ~ignificance of chemical forms (Logan & Trll"o. 1993) 

Element Domn.~nt aquoous chani ca! ferm Mo.IIOXK: chemical form 

'" Ag' " 
~ 

" AsO, ' : AsO, 
, ABO, ,-

c B(OHh RiOH), 

" Aa" Ba" 

& Be" ~" 

~ Bi" Unknown 

C" ,<' "f~ 
CA Co" Co" 

" Cr"; ero.'- Cr" 

C" Cu" Cu" 

"' HgiOHI" H')Ci, CH-J1g ,. Mn" Mn" 

Mo MoO,' MoO," 

" Ni" Ni' 

" Pb(OH) P!o" 

'" SbiOHk U",nown 

~ Scot S..ot 

'" In-'' Zn" 

In short, the characterisat:oo of toxicity in tams of damage to hlX11ans wildlife and plants on the basis 

of exposure-ettoct modelling is ditficu,t, and fraught with uncertainty and inconsi~tency_ In many CaseS 

reliaDie data pertaining to toxico lO(jcal properlies of substances are not available, particula,ly in the 

case of trace metals, and the cause-ettect chains not clear~ Ullderstood, 
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Water quality guidelines, such as those developed by the South African Department of Water Affairs 

and Forestry (DWAF,1996) and the Australia and New Zealand Environment and Conservation Council 

(ANZECC,1999) provide both a convenient and sufficiently accurate measure of the degree of potential 

harm or damage that a contaminant has the potential to cause if released to the environment. Such 

guidelines have been developed to ensure protection of the environment, using available toxicological 

data and risk-based statistical methodologies. Furthermore they have the added advantage of being 

linked to end usage of water (human consumption, crop irrigation, livestock watering, protection of 

aquatic ecosystems and recreation), and take into account toxicity as well as aesthetic and physical 

effects. 

Table 2.3 groups and ranks naturally occurring elements in accordance with the water quality guidelines 

developed by DWAF (1996) and ANZECC (1999) Le. guidelines taking into account toxic, aesthetic and 

physical effects of contaminants on usability of water. Detailed water quality guidelines are presented in 

Appendix 2.1 . 

Table 2.3: Toxic and aesthetic effects on the basis of water quality guidelines 

Group Domestic Agricultural use Aquatic 

consumption ecosystems 

Animal watering Crop irrigation 

Group I: Hg, Cd, Sb, As, Hg,Cd,Se,Pb Hg, Cd, Mo, U Ag,Cd,Hg 

Elements having a Pb,Se 

severe effect 

Group II: Toxicity: U, As, Cr, Ni, Co, Toxicity: Co, Cu, Ni, CN, 

Elements having a Ni, Cr, CN, Cu, F, AI, B, Fe, Mn, Se, Cu, As, Be, Cr, Cr(VI),AI, Pb, Se, 

high-moderate F,B,Ba, V In, Cu Cu, Ni, B, F, In, Pb, As, In, U, B, V, 

effect Aesthetics: Ba,F,Li MO,Fe,Se 

AI, Mn, Fe, In Equipment fouling: 

Fe, Mn 

Group III Toxicity: Mg, Ca, Na, CI, Mg, N03 , Mn 

Elements having a N03, S04 S04 

low-moderate effect Aesthetics: 

Na, CI, Ca 

Quantitative Water Quality Guidelines: 

Group I: Human consumption: <0.01 ppm; livestock watering: <0.1 ppm; crop irrigation: <0.01 ppm; 

aquatic ecosystems: <0.1 ppb 

Group II: Human consumption: 0.01-3 ppm; livestock watering: 0.2-20ppm; crop irrigation: 0.02-5 ppm; 

aquatic ecosystems: 0.2-10ppb 

Group III: Human consumption: 30-500ppm; livestock watering: 100-2000ppm; crop irrigation: 40-300 

ppm; aquatic ecosystems: 20-200ppb 

No quantitative guidelines available for Ti, lr, Hf, Nb, Re, W, Ge, Ga, Bi, TI, Sn, In, Te. 

28 
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As noted, there are a number of elements for which water quality guidelines are not currently available. 

This is due to the fact that current toxicological data is not available or not considered sufficiently 

reliable. Guidelines for aquatic ecosystem protection are often the most stringent, and generally ensure 

that other related environmental values, such as edible fish and shellfish, are also protected. 

It is, however, recognised by authorities (DWAF, 1996; ANZECC, 1999) that the nature and level of risk 

associated with solid waste leachate generation and transport will be highly site-specific. Water quality 

guidelines should thus be perceived as "trigger" rather than blanket levels, and will need to be adapted 

in accordance with local or site-specific conditions, such as local organisms or ecosystems, background 

levels and other hydrogeological or climatology factors which may modify toxicity or bioavailability. Site­

specific back-ground levels, in particular, have important implications in terms of the biological· 

significance of contaminants, as all organisms are dependent on essential metals for optimum growth 

and development and are thus acclimated to a range of bioavailable metal background concentrations 

occurring in their natural habitat. The typical effect of background concentration levels on the 

deficiency-toxicity curve is illustrated in Figure 2.3. 

100 

50 

o Defi 

Sensitivity shift due to acclimation 

Acclimation 

Optimum 1 Optimum 2 - - -}.. To\icity 

\ 
\ 

[essential metal] 

\ 

L-_______________________________________________________________ __ 

Figure 2.3: Effect of background concentrations on the deficiency-toxicity curve (Chapman & 

Wang, 2000) 

Whilst back-ground concentrations can vary quite considerably for different sites and regions, a generic 

indication of typical concentrations in natural soils, surface waters and within the earth's crust provides 

a first-order indication of the relative abundance of elements in natural environments, and typical 

concentration ranges that might be expected. 

Table 2.4 groups and ranks elements according to their relative abundance in natural environments, on 

the basis of typical concentration levels within the earth's crust, uncontaminated soils and freshwaters 

(ANZECC, 1999; Beus & Grigorian, 1977; Chapman & Wang, 2000; Cotton & Wilkinson, 1962; Cox, 

1995; Logan & Traina, 1993; Tadessa et ai, 1994; US EPA, 1995). Typical environmental 

concentrations are presented in Appendix 2.2. 

29 
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Tabl .. 2.4 : Th .. abundance of elements in natu r.lenvironmenls 

Group Crust & soils Froshwators 

Group I Ga. Sb. In. Hg. Ag. TI. I. Cd. TI. Cd. Hg. Mn. Co. Cr 

Scarce elemen ts 8< . S8. Au. Re. Te. PGMs 

Group II Zr. REE. NI. Zn. Cu, Li, Sn. Ni, Se. U, V, I. Sb. As. Cu, 

Traco elements Co. Pb, Nb. Ga. W, B, Mo. U, Pb, Zn 

Ta. Cs, 80, As, Br, HI. Sc 

Group III Mn. F. S, CI, Ba, Rb, Cr, V, F, K, Mg, Fe, SI, S, Na 

Minor elements Ti, P 

Group IV &, AI, Fo. Ca, Na, K. Mg 

Major olemoots 

Group I Crust & sOils; <I ppm; froshwators: <I ppb 

Gro'-'P II, Crust & soils: 1 <ppm<1 00: Iroshwaters 1-1 Oppb 

G roup III: CruST & soils: 0,'- ' ~.; : freshwaters 1 -, Oppm 

Group IV: Crust & soi ls 2-26% 

Chapter 2 

2.1.2 Ranking and grouping of solid waste constituents in accordance with key 

hazard potential criteria 

On the basis of th8 discussJon in the proviQus soctioo (2.1.1). criteria considerocl to be of key 

siQ1if>cance in terms 01 ovaluatng and prioritising the hazard potential of typical solid minoral waste 

components inc liJde: 

• brolog'o: al relevance in terms of both tox·.:i lty and ossentiality 

• aesthetic (tasto, odour, colour) at"Jd phys>cal (corrosion, fouling) properties 

• natural backgroot"Jd lev"s 

Table 2.5 groups and ranks coost,tlJOnt contaminants common" assoc iated with solid mineral wast8s In 

accordarce wi th the abovo-m9ntionOO critoria. 
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Table 2.5: Generic ranking and grouping of typical solid mineral waste components on the basis 

of hazard potential 

Components Common hazard characteristics Measurable indicators 

Major soluble salts 

Na, K, Mg, Ca, All essential macro-nutrients, low-moderate toxicity TDS or EC 

sulphate, chloride, (only toxic at relatively high concentrations), 

bicarbonate, nitrate relatively abundant (minor-major) in natural 

environments. 

Trace-minor soluble constituents (Metals, metalloids, minor salts) Individual concentrations 

Group A: High-severe hazard potential 

1: Cd, Hg i.Toxic to all organisms at low concentrations; non-

essential & relatively scarce in natural 

environments 

2: Sb, Pb, As, Se, Ag, 2. Relatively high toxicity, partial to non-essential, 

TI, Te, In, Cr(VI), CN scarce in natural environments 

3: Bi, Re, Ge 3. Toxicity uncertain (generally moderate), non-

essential, scarce in natural environments 
--------------------------------------- ---------------------.---------------------------------------------------------

Group B: Moderate-high hazard potential 

1: Ni, Cr (III), Cu, Co, B, 1: Mainly essential at low concentrations, toxic at 

U, Zn, Be, Mo higher concentrations, present in trace quantities in 

natural environments 

2: Mn, Fe, AI, Ba, V, F 2: Majority micronutrients, toxic or aesthetic effects 

at elevated concentrations, relatively abundant 

3: Sn, Br, Ga, W, Li, Zr, 3: Toxicity uncertain (generally low-mOderate), 

Ta, Hf, Sc, I, REE predominantly non-essential and present as trace 

elements 
------------------._------------------ --------------------------------------------------------------------------------

Group C: Low - moderate hazard potential 

Ti, P, Rb Essentially low toxicity and relatively abundant. 

Acidity 

H+,OH- Negligible direct toxic effects over quite a wide pH 

range (pH 5.5-8). 

On the basis of properties of potential environmental concern, the typical constituents of a solid mineral 

waste can be divided into three generic groups, viz: major soluble salts; trace-minor soluble metals, 

metalloids and soluble salts; and acidity. 
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It Major soluble salts: The soluble salts (sulphates, chlorides, bicarbonates and, to a lesser extent, 

nitrates and phosphates) of calcium, magnesium, sodium and potassium are relatively common in 

uncontaminated soils and water, due to both their abundance in the earth's crust as well as their 

relatively high solubilities. Soluble salts are normally expressed in terms of salinity, using either 

TDS (Total Dissolved Salts) or EC (Electrical Conductivity) as quantitative measures. 

The major soluble salts are essential macro-nutrients to all living organisms and, in the case of 

mammals and plants, only exhibit toxic effects at relatively high concentrations. In terms of water 

quality for human consumption, guidelines are mainly based on aesthetic and physical properties 

(taste. scaling and corrosion), rather than toxicity. Most aquatic organisms can only adapt to a 

narrow range of salinities. above or below which direct toxicity occurs as a result of physiology 

changes. Freshwater ecosystems are particularly sensitive to increases in salinity. 

Salt accumulation or salinisation is also a major source of concern in terms of the degradation of 

agricultural land. Sodicity, a measure of the proportion of Na relative to other cations in soil. is a 

condition that degrades soil properties by making soil more dispersible and erodible. restricting 

water entry and reducing hydraulic conductivity. These factors result in salt accumulation and 

make the soil more susceptible to erosion. Sodicity is frequently used as a measure or indicator of 

soil structural stability. 

Salinisation in terms of degradation of soil and water resources, and consequently on the future 

availability for their use, has been highlighted as a major concern in water-scarce countries such 

as South Africa and Australia. 

It Trace-minor soluble constituents: This group includes metals, metalloids (or semi-metals), as 

well as minor inorganic soluble salts such as cyanide, fluoride and. to a lesser extent, bromide and 

iodide, which are frequently used as reagents in the proceSSing of are deposits. 

Unlike the major soluble salt-forming elements outlined above. these elements can vary quite 

considerably in terms of both their biological effect and environmental concentrations. Whilst many 

of the elements (particularly Si, AI. Fe. and to a lesser extent Mn, Ba, Rb, Cr, V, Ti) in this group 

are present in soils and the earth's crust in significant quantities, they generally do not occur within 

natural (uncontaminated environments) in significant quantities in soluble or bioavailable form (in 

freshwater) and are only essential, if at all, in minor quantities (Le. as micro-nutrients). 

It Acidity: Acidity is normally expressed in terms of the free hydronium ions (H+ or H30+) and 

measured in terms of pH (-log W concentration). 

Most species are tolerant to a relatively wide range of environmental pH values, and will remain 

unaffected in the range 5.5-8. Low pH values «5.5) can, however, have a direct toxic effect on a 
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number of aquatic insects and fish. In terms of human consumption and agricultural use, water 

quality guidelines are mainly based on corrosion and scaling problems. 

The main effect of pH is indirect, with pH having a major influence on the solubility and hence 

bioavailability of metals and metalloids. In accordance with authors such as Jones (1995), pH is 

considered to be the master variable controlling the leachability of metal species from solid mineral 

wastes. The influence of pH on element mobility is discussed further in the following section. 

2.2 The mobility of typical solid mineral waste constituents 

As previously discussed, in order to pose an environmental risk, waste constituents need ,to have both. 

an inherent capacity to cause harm or damage, and be available for release to the surrounding 

environment i.e. risk is a direct function of the constituent's hazard potential and availability for release 

(mobility) from the waste deposit. 

Whilst the hazard potential of a specific solid waste constituent is largely specific or inherent to a 

particular chemical species, the release of such constituents from a waste deposit site is governed by a 

complex network of chemical reaction and physical transport mechanisms, occurring on both the 

particle and bulk deposit level. As discussed in detail by Cohen et al (1999), most solid waste particles 

are porous, enabling the bulk liquid to diffuse into particle pores and the aqueous environment to be 

extended throughout the solid particle. Reactants and dissolved chemical species are thus able to enter 

and leave the pores by diffusion transport, commonly termed intra-particle diffusion. Chemical 

reactions also occur on the surfaces of the particles, with the mass transfer of reactants and chemical 

contaminants between the surface and the bulk liquor also occurring by molecular diffusion. In short, 

the mechanisms governing release of contaminants from a solid waste deposit can be summarised in a 

number of steps, as illustrated diagrammatically in Figure 2.4. The rate and extent of leaching, and the 

governing mechanisms, will, furthermore, be dependent on a number of inter-related factors, pertaining 

to both waste- and site-specific characteristics. 

Clearly, the availability of a contaminant for release to the surrounding environment is governed in the 

first place by their chemical reaction with the liquid or gaseous reactants within the pores, or on the 

surfaces, of the solid waste particles. In line with the research aims, this section is concerned mainly 

with those characteristics or properties of a solid mineral waste which have a key influence on the 

chemical mobility of constituents considered to be of potential environmental significance, including 

major soluble salts, trace-minor soluble constituents and acidity. In order to develop an understanding 

of such a system, it is important to first gain an appreciation of the complexities involved and the 

processes occurring within the said system. To this end, Section 2.2.1 reviews the various chemical 

processes and parameters influencing the mobility of metals and salts in inorganic3 solid waste 

3 Organic contaminants and processes involving organiCS are specifically excluded as these are not 

considered to be significant components of solid wastes from the primary resource-based industries. 
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ions and. in particular. pH. In accordance with Jones (1995), the general solubilities of elements which 

display cationic chemistry in solution below pH 9 decline as the pH rises owing to the precipitation of 

hydroxide and carbonate compounds (elements occurring in Groups 2 and 3). On the other hand, those 

elements which are present as oxyanions in surface waters (Group 4) tend to be more mobile in the 

neutral to moderately alkaline pH range. These trends are illustrated schematically in Figure 2.6. 

High Oxyanions 

Low 
2 pH 10 

Figure 2.6: Schematic illustration of the effects of pH on retardation of metal mobilities (Jones, 1995) 

Another important parameter influencing the dissolution/precipitation behaviour of those elements which 

occur in more than one stable oxidation state under typical atmospheric conditions (e.g. Fe, Mn, Cr, As, 

V, Mo and W), is the redox potential (Eh). Changes from one oxidation state to another involve the 

transfer of electrons in reduction-oxidation or redox reactions, the potential for which is measured by 

equilibrium electrode potential differences (Eh). As indicated in Figure 2.7, the properties of both 

naturally occurring and contaminated water sources vary quite considerably, encompassing a number 

of broad Eh (reducing, transitional and oxidising) and pH (strongly acidic, weakly acidic, neutral, weakly 

alkaline and strongly alkaline) regions. 
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Figure 2.7: Generic Eh-pH diagram for water sources (Garrels, 1960 and Brookins, 1988) 

The effect of variations in the stable forms, and likely dissolution/precipitation reactions, as a function of 

pH and redox potential, can be derived from Eh-pH diagrams, which identify regions of dominance for 

the different chemical forms in which individual elements may occur as a function of redox potential and 

pH. On the basis of published Eh-pH diagrams for the elements under typical weathering conditions 

(Brookins, 1988) a speciation model has been constructed in Table 2.6, indicating the 

thermodynamically stable forms of associated elements within typical Eh and pH value ranges. Yet 

another parameter influencing the dissolution/precipitation behaviour of elements is the chemical 

composition of the leach solutions, particularly in terms of the nature and concentration of major soluble 

ions (ionic strength). High concentrations of soluble ions (high ionic strength) can increase the mobility 

of trace to minor elements by competing for adsorption sites and by forming soluble complexes. Major 

soluble ions can also serve to immobilise trace to minor elements, through the formation of insoluble 

compounds such as metal carbonates and sulphates. 

Apart from dissolution/precipitation and redox reactions, as controlled largely by pH and Eh 

respectively, the process of adsorption/desorption can also be important in the release of elements 

from waste deposits. According to Eary et al (1990) adsorption/desorption reactions can be ignored in 

cases where the chemical release is controlled by rapid dissolution/precipitation of sparingly to partially 

soluble compounds (solubility controlled). However, in the case of highly soluble salts or kinetically slow 

dissolution/precipitation reactions, adsorption reactions can significantly influence the mobility of 

contaminants even to the point of virtual immobilisation. 
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Table 2.6: Eh-pH speciation model 

A: Transitional redox potential 

pH 4-6 pH 6-8 pH 8-10 

Stable oxides Zr(IV)-Hf(IV)-Ti(IV)-Sn(IV)- Zr(IV)-Hf(IV)-Ti(IV) -Sn(IV)- Zr(IVj-Hf(IV)-Ti(IV)- Sn(IVj-

Nb(V)-Ta(V}-Sb(V) Nb(V}-Ta(V)- Sb(V) Nb(V)-Ta(V)- Sb(V) 

Oxides/hydroxide Be(II)-AI(III)- Ga(III)- Sc(III)- Be(ll)-AI(III)- Ga(III)- Sc(III)- Be(ll)-AI(III)- Ga(III)- Sc(III)-

precipitates Si(IV)-Ge(IV) Si(lV)-Ge(IV-Fe(III)- In(lll)- Si(IV)-Ge(IV-Fe(III)- In(III)-

Bi(lII) Bi(lII) 
Cr(III)-V(III)/(IV) Cr(III)-V(III)/(IV) 

Metals AU-Ag-PGMs-Hg-Se-Te Au-Ag-PGMs-Hg- Se-Te Au-Ag-PGMs-Hg- Se-Te-Cu 

Sulphates Ca(II)-Sr(II)-Pb(II)-Ba(ll) Ca(II)-Sr(II)-Ba(lI) 

Carbonates Pb(II)-Mn(II)-Fe(lI) Cd(II)-Co(llj-Sr(II)-Ca(lI)-

Pb(lI) 

Soluble cations In(III)-Bi(III)- Cr(III)-V(III)/(IV) TI(I)-Ni(II)-Co(II)-Zn(II)-Cd(llj- Ni(II)-Co(llj-Zn(llj-Cd(II)-

TI(I)-Ni(II)-Co(lI)-Zn(II)-Cd(II)- Cu(II)-Mg(II)-Fe(II)-Mn(II)- Cu(II)-Mg(II)-Fe(II)-Mn(II)-
Cu(II)-Mg(II)-Fe(II)-Mn(II)- alkali metals alkali metals 

alkali metals 

Soluble oxyanions B(III)-P(V)-As(V)-S(VI)- 8(111)-P(V)-As(V)-S(VI)- B(III)-P(V)-As(V)-S(VI)-

Re(VII)-Mo(VI)-W(VI) Re(VII)-Mo(VI)-W(VI) Re(VII)-Mo(VI)-W(VI) 

B: Oxidising redox potential 

pH 4-6 PH 6-8 pH 8-10 

Stable oxides Zr(IV)-Hf(IV)-Ti(IV)-Sn(IV)- Zr(IV)-Hf(IV)-Ti(IV)-Sn(IV)- Zr(IV)-Hf(IV)-Ti(IV)-Sn(IV)-
Nb(V)-Ta(V)-Sb(V) Nb(V)-Ta(V)-Sb(V) Nb(V)-Ta(V)-Sb(V) 

Stable oxides/hydroxide Be(II)-AI(III)- Ga(III)- Sc(III)- Be(II)-AI(III)- Ga(lll)- Sc(III)- Be(II)-AI(III)- Ga(III)- Sc(III)-
precipitates Si(IV)-Ge(IV) Si(IV)-Ge(IV-Fe(III)- In(III)- Si(IV)-Ge(IV-Fe(III)- In(III)-

Bi(III)-Hg-PGMs Bi(III)- Hg-PGMs 

Metals Au Au Au 

Sulphates Ca(II)-Sr(II)-Pb(II)-Ba(ll) Ca(II)-Sr(II)-Ba(lI) 

Carbonates Pb(II)-Mn(II)-Fe(lI) Cd(II)-Co(II)-Sr(II)-Ca(II)-
Pb(II)- Ni(II)-Zn(II)-Mg(ll) 

Soluble cations In(III)-Bi(III)- Cr(III)-V(III)/(IV) TI(I)-Ni(II)-Co(II)-Zn(II)-Cd(II)- TI (1)-Ni(II)-Zn(II)-Mg(II)-Ag(I)-
TI(I)-Ni(II)-Co(llj-Zn(II)-Cd(II)- Cu(II)-Mg(llj-Mn(II)-alkali Mn(II)-Cu(II)-alkali metals 
Cu(II)-Mg(II)-Fe(II)-Mn(II)- metals-Ag(l) 
alkali metals-Ag- PGMs 

Soluble oxyanions B(III)-P(V)-As(V)-S(VI)- 8(11I)-P(V)-As(V)-S(VI)- Re(VII)- B(III)-P(V)-As(V)-S(VI)-
Re(VII}-Mo(VI)-W(VI)-Se-Te Mo(VI)-W(VI}-Cr(VI)-V(V)- Re(VII)-Mo(VI)-W(VI)-Cr(VI)-

Se(IV)-Te(IV) V(V)-Se(IV)-Te(IV) 

Adsorption is a phase distribution process whereby the dissolved ionic species are transferred from the 

liquid phase onto solids with large, charged surfaces, including hydroxide/oxyhydroxide compounds of 

metals such as aluminium, iron, titanium, manganese and zirconium, carbonate compounds, clays and 

organic colloids (Bourg, 1995; Thornton, 1983). Adsorption/desorption reactions are influenced by a 

number of parameters, including the ionic charge of the element being adsorbed; pH and ionic strength 
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of the solution; and the surface properties of the adsorbing solids (Bourg, 1995). In general the 

adsorption of metal cations will decrease as the concentration of H+ ions and soluble cationic salts 

(alkali and alkaline earth metals) increase, due to competition between these ions and metal ions for 

the negatively charged exchange sites on organics and inorganics (Parametrix, 1995). The pH of the 

solution has a significant effect on the adsorption of metal cations as W ions are relatively strongly 

adsorbed. Similarly, the adsorption of metal oxyanions will decrease as the pH and the soluble anionic 

salt (chloride, nitrate, sulphate) concentrations increase. Some of the commonly occurring major 

secondary solids, and metals ions adsorbed by them, are presented in Table 2.7. 

Table 2.7: Common metal-solid adsorption associations (Thornton, 1983) 

Adsorbing solid Adsorbed metal 

Iron oxides V, Mn, Ni, Cu, Zn and Mo 

Mn oxides Fe, Co, Ni, Zn, Pb 

Carbonates V, Mn, Fe, Co, Cd 

Clays (Silicate minerals) Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Pb 

Adsorption/desorption reactions are generally rapid and can be considered to be at equilibrium, i.e. rate 

of the forward and reverse reactions are the same, and there is no bulk change in the reactants and 

products. Many dissolution/precipitation and in, particular, reduction/oxidation reactions, are however, 

limited by slow kinetics, and are unlikely to be at equilibrium within a waste deposit. 

In summary, the chemical reactions involved in the mobilisation of elements in a solid waste deposit 

can be sub-divided into the following generic types of controlling mechanisms: 

• Distribution-controlled dissolution reactions: In cases where the element is present in a form 

which is highly soluble under the conditions of leaching, and the rate of the dissolution reaction is 

rapid, the dissolution of the element within the waste deposit will be largely determined by its 

abundance or total concentration and mode of occurrence within the deposit Le. the mobility or 

chemical availability of the element can be said to be distribution-controlled. In general mineral 

phases and their associated elements that are enriched on particle surfaces will be more available 

than those incorporated predominantly in sparingly soluble phases. 

• Solubility-controlled dissolution/precipitation reactions: In cases where the element is present 

in a form which is only sparingly to partially soluble under the conditions of leaching, and the 

precipitation/dissolution reaction rates are relatively rapid, the extent of dissolution will be largely 

determined by the solubility of the compound as a function of pH and, to a lesser extent, 

complexing ions i.e. the mobility of the element can be said to be solubility-controlled. This is often 

the case for those elements forming sparingly to partially soluble hydroxides and sulphate 

compounds, as their dissolutionl precipitation rates are generally rapid. 
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.. Sorption-controlled reactions: Sorption-controlled reactions include those reactions where the 

mobility of the element is largely determined by rapid and reversible adsorption/desorption 

reactions. Availability is only likely to be sorption-controlled in cases where the element is present 

in a form which is highly soluble, or for which dissolution/precipitation occurs relatively slowly. 

Sorption-controlled reactions are influenced by a number of factors including the ionic charge of 

the element being adsorbed; pH and ionic strength of the solution; and the surface properties of 

the adsorbing solids. 

.. Kinetically-controlled reactions: In cases where the rates of the reactions governing the mobility 

of elements are slow, then the chemical availability can be said to be kinetically-controlled. Most 

redox speciation reactions are extremely slow, with the majority of redox couples existing in a state 

of disequilibrium. Other examples of kinetically slow reactions include the dissolution of silicate 

minerals and relatively inert simple oxides (e.g. Zr02); and the precipitation of carbonate 

compounds as a result of CO2 diffusion into the waste pile. 

2.2.2 Chemical behaviour of solid wastes from the mineral-based resource industries 

Despite the complexities, particularly in terms of the vast number of variables associated with any 

particular solid mineral waste disposal system, it is postulated that the number of strategic elements of 

environmental significance, and the mechanisms and parameters controlling their release, is likely to be 

relatively limited and similar for a wide range of waste types and disposal scenarios. This sub-section 

identifies the chemical processes and parameters which are likely to be involved, and of those, which 

are likely to have the greatest effect on the availability of solid waste constituents in a disposal scenario. 

Solid wastes arising from mining and metallurgical operations will not be at equilibrium with the 

conditions on the disposal site, and will thus be altered by chemical or biochemical weathering 

reactions. The process of chemical weathering can be considered as an attempt to attain equilibrium in 

a system composed of air, minerals and water, ultimately resulting in a deposit of secondary solids 

which are stable under the disposal conditions. Alterations to major phases as a result of weathering or 

microbial activity can influence the availability of trace to minor contaminants and the nature of leachate 

generated through various pathways. These include: 

.. Changes in the major properties of the pore solutions or leachate in contact with the solid particles, 

particularly in terms of pH, redox potential and major ion concentrations. As discussed in the 

previous section, such changes can have a significant effect on the mobility of waste contaminants, 

particularly where this is controlled by solubility, redox speciation or sorption reaction mechanisms. 

pH, in particular, is considered to be the master variable controlling the leachability of metal species 

from solid mineral wastes (Jones, 1995), influencing almost all chemical processes controlling the 

availability of waste constituents. pH changes in the pore solution due to chemical and/or microbial 

weathering of major phases over both the short and the long-term is thus a critical aspect of the 

chemical behaviour of solid wastes. 
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• Formation of secondary major phases which can adsorb minor and trace elements. 

• Liberation of trace elements incorporated in the structure, or bound to the surface, of major 

phases. 

In many cases the chemical reactions governing the weathering of major phases, such as the 

dissolution of silicate mineral phases, carbonation of the pore waters and air oxidation of pyrite, are 

slow, incomplete and irreversible, and will thus continue to influence the major pore water chemistry 

and mobility of trace to minor elements over extended time periods. According to Hansen (2004), the 

time taken for complete oxidation of pyrite in a waste dump of less than average height (10m), will 

typically be in the order of 200 to 500 years. It is not surprising then that researchers such as Jones 

(1995) have reported that the nature and chemical behaviour of the major phases in a disposal 

scenario, and the subsequent formation of secondary solids, is the major factor influencing the release 

of minor metals from solid wastes, and hence the leachate compositions, over the long-term. The inter­

relationship of the major and minor phases and the factors controlling their behaviour within solid 

mineral deposits is illustrated in the conceptual chemical behaviour model presented in Figure 2.8. 

In accordance with this model, the chemical mobility of solid mineral waste constituents in a disposal 

scenario will be determined in the first place by the stability or reactivity of the primary mineral phases 

as a function of environmental conditions within the deposit (mainly redox potential, oxygen 

concentrations, microbial activity and pH), and in the second place by the extent of attenuation of the 

solubilised constituents through preCipitation/dissolution and adsorption/desorption reactions. These 

attenuation reaction mechanisms are generally rapid, fully reversible equilibrium-controlled reactions, 

which are dependent on a number of parameters, including constituent activity, redox potential, the 

nature and concentration of major soluble ions and secondary solids, and, in particular, pH. In contrast, 

the rates at which the primary phases are weathered or altered can vary quite considerably, ranging 

from rapid equilibrium-controlled reactions, resulting in short-term mobilisation of associated elements, 

to slow kinetically-controlled reactions, which are only likely to result in Significant mobilisation in the 

medium- to long-term. In some cases the weathering reactions may be so slow that they do not result in 

any significant mobilisation of elements within the time frame of consideration and can therefore be 

discounted (Brown et ai, 2000). 
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as carbonatelhydroxide precipitates may only become available if the natural properties of the 

waste solutions (leachate), particularly pH and ionic strength, change as a result of weathering or 

microbial activity within the waste deposit. 

• Compositions and weathering chemistry of major phases in the waste: As indicated in Figure 

2.8, alterations to major phases as a result of weathering or microbial activity can have a significant 

influence on the availability of trace to minor constituents and the nature of leachate generated. Of 

particular relevance are the major phases and reaction mechanisms influencing the redox 

potential, major soluble ions, nature and concentration of secondary solids and, in particular, pH. 

2.3 Predicting key constituents of potential environmental 

significance 

Apart from enabling the potential environmental risks associated with solid mineral wastes to be linked 

back to the feed ores and waste generating processes, the criteria developed above can also be used 

to screen and prioritise potentially strategic constituents5
, thereby serving to guide more detailed risk 

assessment studies (e.g. empirical waste characterisation and/or predictive modelling). This is 

consistent with tiered environmental performance assessment approaches, in which screening 

assessments are applied in the first instance to identify the significant issues, alternatives and decision 

pOints, for which more detailed and accurate assessments are warranted or required (see discussions 

by DWAF, 2002; EEA, 1997; Lawrence, 1997; Noble, 2000 & 2002; Wentzel, 1999). Such an approach 

is particularly appropriate for evaluating complex systems in the early stages of a project life cycle, as it 

recognises that not all substances in a waste stream raise the same level of concern with respect to 

their environmental impact, and focuses attention on those wastes and/or elements with the potential to 

present a significant risk to human health and the environment. 

The prior identification of potentially strategic constituents, particularly trace to minor metals, is in fact 

considered to be a vital and integral part of predicting environmental impacts associated with solid 

wastes from the primary mineral-based resource industries (see discussions by Hansen, 2004). This is 

because such wastes generally contain a multitude of contaminants, and it is clearly neither practical 

nor desirable to develop separate indicators, such as the impacted land footprint indicator developed by 

Hansen (2004), for each of these. Whilst consideration of TDS, rather than individual salt ions, is 

appropriate for defining a salinity footprint, the same approach cannot be applied to metals. This is due 

to the fact that there is significant overlap between impacted land footprints predicted for different metal 

species and adding these footprints together to obtain an indicator would therefore suggest a far 

greater land area impacted by metals than in reality. An alternative approach is thus required to reduce 

the number of metals footprints necessary to define an impacted land footprint indicator for metals. 

5 In the context of this study, strategic constituents are those constituents which are considered to be of 

key environmental significance both in terms of their presence in the waste and their impact on the 

environment. 
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In accordance with the approach proposed by Hansen (2004), this is achieved by identifying 

environmentally significant or "strategic" metals. An impacted land footprint indicator based on these 

strategic metals can be assumed to encompass other metal footprints, and hence be representative of 

the environmental impact of all metals contained in the waste. 

Screening environmental performance assessments generally entail the use of simple "ranking and 

scoring" methodologies based on generic and readily measured environmental risk criteria or 

indicators. A number of ranking and scoring systems have been developed specifically for prioritising 

risks and impacts associated with pure chemical substances, mainly organic, on the basis of criteria 

such as their mass, toxicity, persistence and, in some cases, solubility (see discussions by Cano-Ruiz & 

McRae, 1998; Hertwich et ai, 1998; Pennington & Vue, 2000; US EPA, 1989). Discussions in the 

previous sections of this chapter indicate, however, that such criteria are generally not sufficient for 

evaluating and prioritising the environmental risks associated with metal-bearing solid wastes for the 

primary mineral-based resource industries. In particular: 

• the majority of the constituents are naturally-occurring and can result from non-anthropogenic 

sources. 

• many of the constituents are essential elements, and there is a threshold for both deficiency and 

excess. 

• the toxicity of metallic constituents will be dependent on their speCiation. 

• the availability and speciation of trace metals are controlled by local conditions, such as the pH, Eh 

and concentrations of the complexing ions in the pore waters, rather than their intrinsic properties. 

This section starts by developing a conceptual and generiC approach for screening and ranking the 

potentially strategiC constituents in solid mineral wastes, on the basis of the hazard potential and 

availability criteria identified in Sections 2.1 and 2.2 respectively. Feasible and available tools for the 

generation of input data which enable the conceptual model to be translated into a quantitative 

numerical model are subsequently assessed in sub-sections 2.3.2 (hazard potential) and 2.3.3 

(availability). 

2.3.1 Conceptual methodology 

On the basis of the qualitative understanding developed in Section 2.1, the criteria considered to be of 

key significance in terms of evaluating and prioritising the hazard potential of typical solid mineral waste 

constituents can be broadly categorised as effect criteria (encompassing biological relevance in terms 

of toxicity and essentiality, as well as aesthetic and physical properties) and extent of enrichment 

relative to natural abundance or background levels. These criteria can be quantitatively expressed in 

terms of effect and enrichment factors, as presented by Equations 2.1 and 2.2 respectively. 
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Effect factor = solid concentration/environmentally acceptable concentration Equation 2.1 

jr-t::'nr'lcnlment factor = solid concentration/typical background concentration Equation 2.2 

Equations 2.1 and 2.2 can subsequently be combined to provide a quantitative estimate of the hazard 

potential of the various waste constituents, on the basis of their potential toxicity and human 

consumption effects as well as their relative abundance, as illustrated by Equation 2.3a-b. 

{, ... g. I=m l::Itinn 2.3a 

: ••• , ••• , .................. 000 ................ 000 ................... 000 ••• 000 .............................. ,·.·_ ••••••••••••••• 000.000000 .................................. 000 ............................................. '2" ................... , ........................................................................... _ .... _ ..... ..... j .... ........................................................................ . 

Hazard potential factor = (m.n)(solid concentration) I((m.environmentally ! 

acceptable concentration).(n.typical natural Equation 2.3b 

concentration )) 

Where m and n are weighting factors indicating the relative importance of the effect and enrichment 

factors 

In order to pose an environmental risk, however, waste constituents need to have both an inherent 

capacity to cause harm or damage and be available for release to the surrounding environment. A 

measure of the risk potential thus needs to be based on the hazard potential of that fraction of the 

waste constituent which is available for release to the environment, rather than on total concentration in 

the solid waste. Substituting available concentration for total solid concentration in Equation 2.3b, 

provides a quantitative estimate of the risk potential associated with the various waste constituents on 

the basis of both the hazardous properties and chemical mobility, as illustrated by Equation 2.4. 

acceptable concentration).(n.typical natural 

concentration) ) 

Equation 2.4 

The so-called available solid concentrations of the various constituents can, in turn, be derived from the 

predicted availability potential factors and total constituent concentration levels, as defined by Equation 

2.5a-b. 

Availability potential factor = predicted extent of mobilisation (mass '%)/100 • Equation :2.581 I 

Available concentration = (availability potential factor).(total solid concentration) ! Equation 2.5b 

A systematic and iterative procedural framework for the identification and quantification of potentially 

strategic waste constituents is depicted in Figure 2.9. 
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I Step 1: C.~ulal" 1'.Lara pulerli~1 laclo< in accordance v.ilh Equ8lio<" 2. '-2.:\ I 

, 
: ~ctk>n I-..cO'''"ry , .- ... ------ .-- .... -, 

Step 2 Predict a,.ailalJillly poteNi" facIo< and calculat" a,'ailaul" cor>oc't1lr.I"'r> In 

accurdar>oe v.ilh Equatiun 2_5 

10191 ","'K'·"",,,r.!" , 
"sI< """"irmod _ '"n',", , 
"""""",,, .. ·1 '.'1,,;.,.0:1 

, , , 
.' on'~roo",ont co.n t~ , , "",.".'0010 t'C I,,",,' 10 , 

n;;<j",l)l" ''0 'Clr11C'f , , 
!le1 "" " OC~"''''Y , 

, , , , , , , , .. _ ........ -..... --

Act1iI",,,"1 "",pir,,"1 te5twc:<k am imp""t r rooctlon mOO.l il>] il "ccQrdnnc~ With prohl"m 

~L ____________ '_"_m_"_'"_'_'~ __ ~_-_'_'_,"_-_._"'_~ __ ,'_'._._' ____________ ~ 

- -- ------- -- --- ---------------------------
Figure 2.9: Itcr~tive procedcrral framework for th~ scr""ni,,!! of F>"tcntially strategic constitu~nts in solid 

miner"1 wastes 

This Iramowork roprosonts a mothodoloQy algorithm in """ich thosp coostltuonts wh",h are unlikply to 

be 01 environmental signilicaroce are pxcll.dfld from lurthpr and morp dptailed invpstigations in a step­

wise and reliltively si"nplp, yet scientifically valid_ manr>er_ It is, however, important to bear in mind thaI 

the so-ootermined hazard, mobility and risk potential factors are r .. ative mlher lhan clbsolute measuros, 

acd have bpen specifically oovekJped to com~are and rank the vm",us wclste constituenls in 

accordmce with environmental signil;::;artee, ralher lhcln ~rovido an indiccltor of actual impact, In this 

regard, the LIlilS of meaSLremoot am not usually important as long as thoy aro consistoot 
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2.3.2 Predicting the hazard potential factor 

As discussed in Section 2.1, both the environmentally acceptable risk and typical natural concentration 

levels, and hence the effect, enrichment and hazard potential factors, of the solid waste constituents will be 

highly site-specific. Nevertheless, standards such as water quality criteria provide a convenient surrogate 

measure of acceptable risk concentrations and, if substituted into Equation 2.1, can be used to calculate 

generic effect factors for solid waste constituents. Similarly, generic enrichment factors can be calculated 

by substituting average crustal abundance values for the solid waste constituents into Equation 2.2. On this 

basis, concentration levels which are likely to be of significance in terms of hazard potential have been 

estimated, and the elements ranked accordingly, in Table 2.8. 

This generic screening is based on the hazard potential only, and does not take into account the mobility 

of waste constituents i.e. calculated concentration levels should be considered as being representative . 
of available concentrations. Detailed quantitative data is presented in Appendix 2.3. 

Table 2.8: Generic ranking of environmentally significant concentration levels for solid mineral waste 

constituents on the basis of their hazard potentials 

Estimated 

Group description 
environmentally 

significant available Elements 
concentration levels 

(mg/kg) 

I: Potential for environmental risk if <10 Te < Hg < Ag < Cd , Re < Se < In 
present at very low (trace) available 

< Pt < TI < Sb < As < Au< Mo concentration levels 

II: Potential for environmental risk if 
present at low (minor) available 10-100 Pb, Bi < Be « Ge < Ni, U < W 
concentration levels 

III: Potential for environmental risk if Sn, I< Co< Ta< Mn, B, Cr < Cu < 
present at moderate available 100-1000 Hf < REE « Zn< Br < Ba < Ga < concentration levels 

Zr < Nb < V 

IV: Potential for environmental risk only A: 1000-10000 A: F < Sc < U < CI < Rb < Fe, 
if present at relatively high available 

AI < Ti < Sr < S < P concentration levels 

B: >10000 B: Si < Mg < Na < K < Ca 

Calcu lations: 

Hazard potential factor = (m.n)(solid concentration(ppm))2/[(m.water quality criteria (ppm)). 

(n.average crustal abundance (ppm))] ........................................................ Equation 2.3b 

Assumptions: 

• the effect and enrichment factors are of equal importance: i.e. m=n=1 

• solid waste constituents are likely to pose a moderate to high risk to the environment at 

hazard potential factors ~ 1 000 

47 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2 

The results in Table 2.8 confirm that many of the scarce, chalcophilic elements (e.g. Te, Hg, Ag, Cd) 

may pose a significant risk to the environment, even if released from solid waste deposits at relatively 

low concentration levels (see discussions in Section 2.1). In contrast, individually, the soluble salts 

(mainly sulphates, chlorides, bicarbonates and, to a lesser extent, nitrates and phosphates) of the major 

cations calcium, magnesium, sodium and potassium are unlikely to be present in high enough 

concentrations to pose a risk to the environment. Cumulatively, however, salts may cause significant 

environmental problems. For this reason, soluble salts are normally expressed in terms of salinity, using 

either TDS (Total Dissolved Salts) or EC (Electrical Conductivity) as quantitative measures, and 

guideline values for individual salt ions are generally considered unnecessary. 

2.3.3 Predicting the availability potential factor 

In accordance with the chemical behaviour model developed in Section 2.2, the fraction of a .. solid waste 

constituent which is mobilised (i.e. rendered available for release to the environment) under disposal 

conditions can be predicted in a step-wise manner as follows: 

1. Predict the extent of weathering and/or alteration of primary phases: The rate and extent to 

which elements are mobilised through primary weathering and alteration reactions can be predicted 

on the basis of the forms (or phases) in which they occur within the solid waste, and the time­

related reactivity of such phases as a function of redox potential, oxygen concentrations, microbial 

activity and pH as the main influencing parameters. As discussed in Section 2.2, the rates at which 

the primary phases are weathered or altered can vary quite considerably, with a number of the 

primary phases typically occurring in solid wastes from the primary mineral-based resource 

industries being governed by slow, kinetically-controlled reaction mechanisms. Nevertheless, in 

many cases the net availability of elements associated with such phases over the life time of the 

deposit can still be predicted on the basis of thermodynamic considerations. This is because solid 

waste impacts, and thus the time frames of concern, are generally extremely protracted, frequently 

extending over hundreds or even thousands of years. 

2. Predict the extent of secondary attenuation: Subsequent attenuation of elements mobilised 

through the weathering and alteration of primary phases can be predicted on the basis of the 

solubility of their stable forms and/or extent of adsorption onto the surfaces of solid substrates as a 

function of their activities; the major pore water or leachate chemistry (major soluble ion 

concentrations, pH and redox potential); as well as the nature and concentration of the major 

secondary preCipitates. 

3. Predict the overall extent of mobilisation: Combining 1 and 2 allows for the derivation of the 

availability potential factor i.e. the net mass fraction of element in the solids predicted to be available 

for release to the environment over the expected deposit life time (see Equation 2.6). 
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Availability Potentiill Factor = Reactivity potential filctor x (l-attenlliltiCOl potential 

factor) 
EquatlOll 2,6 

Reactivity potential factor: The mass fractIOn o~ oiomnr,ts In tho sol~ls proddorl to bo mobillSoo 

through primary wealherir'lg aM alteratKln reactKlns of the solid phases_ 

A:tOlluat'Jn j)JtOlltial factor: Tho maSS fraction of mobilisL'(j okim!lnts attenllilted through suconOOry 

procipltiltlon ~nr1 adsorrtioll tractions. 

Tho prorJdiorl o~ availablo cOr1COIltration lovols and j)Jtontial riSK tactors (stops 2 ar,rJ 3 of tho 

proce<.JJral frame ..... ork for H)J IdOl1tif>cat'Jn amJ quar,t.t.catior, of potont.ally stratogic waste constituonts 

as presented ,n Figure 2.9) can thus 00 sub-divide<J into two stages (a and b) as illustrated in Figure 

2.10 

SMp 2~: PrGdd ,-e"c!ivily [laIGn!i,,1 t",,'or ~r,j c"lcU~l" ~~~i~lJiG callcGr,!",'ior," 0(', IIKl 
tas,. uf reacll,;ty ut prim"", phases 

~ ~ 

Step Ja Calcu:al. associa;.d ,,"k pal""'''' faclor ill acco rdar,c~ with EOCJ8.;iol1 2.4 

.-----------------, , Pat""kOl te< lnod",,,t,, 
, ,- -- ------- ---- ----, , , , Urr.ur~c<·Y.< I~sk putentiai tactor > " R'" lu It", , , 10 hi ()'1 ('r,'.; rc """-'," , , , , 

, risk '","'lr"'OO_ , acc.plalJl~ cul-otl ~aI U~? ~r",<onm~,t C'-'1 t~ , , , , 
lu1""r =lO"O'"'''' 01 

, '."".-..d 10 b< ",~ 10 , , , 
""",,,,,,.- w I"rll.." pot" ,,'10, ott"""",,, ,, , , , , , , 

'.c·""" ''''''''"'''I , , roqr..o rod , , , 
:~ ~~~~ r'~ ~~~ ~~~~ .. ~: "-0-------""-- ---- -

Step 2b. Pred"'l al1€-t1Ualior, an~ a"alatility po","ti"1 taclo," i[q<k,tion 2,6i and ",,,,'ulatG 
'lV~rI"bl. con""r",allo"," on 11,. ba,i, of ",,1 n'Wilily iEquation 2.5:1 

I 
~ 

Step 30 ColculalG ri s!< palonliol focior n (lCCOrd"f1Ce w,th E'Iu" II0(',2.4 
I 

,-'-_.- --------- ---, , Pot""",II", mo;louie , ,----"--- --------, 
• , y" Ri,k pot~ntial factor ~ ~ 

, R;"btl", , 
• 10 hil11 e'~ro''''''nt" , , 
• o"'<arITon; con b< • ri"'- con"rrned- "ccoph,lJio cui-off ",Iu~? , • • corj"'~. '.;t" ,,-to!' 4 • ",,"rne<.i to t e Kr..-lO , , • r"'~ ~ iiI':; e- no I L.<it"" 

, 
• if",,", 2 9i 

, , , 
"-- -- ----- --------! • .ctk>n "o""'''"'Y , , , 

"--- -- ----- --------
FiQur~ 2.1 0' pro""dur. 1 framework for pr~dictinQ potent;.1 chemical av.ilab;lity ~"d associ.led risk 

potenTial of solid waste constit""nt. 

In COIlTrast to hazard potontial, whkoh is lar[lOly spocifko or inher""t to a parlkoular chemkoal species, the 

mobiliTy o~ solid waste consTituonts is influoncoo by a :ar[lO numoor d variables. It is thus almost 

impossibl8 10 group ar,d rank elentents according to thoir gO,)JriC 'nobilities without COIlsirJoration of the 

chemkoal and mineralogkoal compositions of the solid wastos as a ~unct(Jn of oro :yj)J and genoratlng 

~rocesses 
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Nevertheless. a number 01 tools exist for predicting the p;:>!ential chemiC'll mobilities of element 

constituents with" 'pecifko wid mineral wastes over thQ Qxpcctod dOjXJsil lito·tlme on the basis of 

available empir.;al data arx:l.'or fumalTlC<lt<l1 IhQrmodynillTlK: princlplos, An overview of some of the 

appropr.,te tools, as well as genera ~ sed gudelines in terms of thoir oocction and applicatoo, is 

provided with in Chileter 5 of the thesis 

2.4 Summary and concluding remarks 

In this chapter of the thesis, the Griteria of key srgnif"ance In terms of predicting the potential Impacts 

and risks associated \"th solid mineral wastes in a dlsp:lsal scenario have ooen identified. and a generic 

protocol for the screenOng and ranking of the Yarioos waste constituents developed according",. 

These gener" pralocols ana associated criteria. a, summari,ed n FiQlXe 2.11, have ooen based on a 

comprehensive review and fundamental understand;ng of the key factors goyerning both the hazardous 

properties and the chem"al l>ehaYiour (or mobility) of typ"al solid ml1eral waste constituents under 

(iisposal conditions. 

Constr:uent concentrations 

/' 
Hazardo<Js nature of waste coostituen" Chemcal mobility of coostltuents under 

as a function 01 disposal conditoos as gO\lemed by the 

• bklklgcal rei eo "'""'" 
'" 

terms of both • cMmicalform or ,""",iation of constilu""ts 

loxic'lty ,-,,--,j "">eNi~ i ly • ,, "trihutlon or portllklniog of X<1stltuents , 
• "esthetio (t • .ste. 000"', co""url "" \·.,th o"1 the waste 

physical (corros""",, fo"I"91 prope,ties • m,,)Or f>C<c w~tor Chmri5try (pH. Eh "nn 

• noturol ""c:k!7oLnd level , major tonsl a<1d seO<)()ljary solid formaTions 
- . 

~s a f lXJC lion cI tha natLHe ,-,,--,j WMlhorit">} 

c.hem stry of th" majO' ""ma'y rha,,," 

I Hazard potential 
I 

Availability potentia I 
I 

I 
Environmental risk potenlral 

Figur~ 2.11 : A slimmary ot environmen1ally signitic.nt solid was1e prolX'rlies and governing criteria 
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The generic methodology for the screening and ranking of environmental risks also takes into account 

those environmental issues of specific relevance to deposits of solid wastes from the primary mineral­

based resource industries, viz. salinisation, elevated trace-minor metal concentrations, and extreme pH 

values. Although designed to generate data and information which is indicative of relative rather than 

absolute measures of environmental risk, the generic methodology is nevertheless scientifically robust, 

without being overly complex. As such, it provides valuable knowledge which can, if employed to seek 

out opportunities and limit risks, playa key role in early design stage decision-making, as well as in 

guiding and informing further data collection and risk assessment studies in later design stages. Chapter 

5 provides technical guidelines pertaining to the selection and application of scientific techniques for 

predicting the availability potential of solid waste constituents, Le. for meeting the objective of step 2 of 

the proposed methodology (see Figure 2.9). Application of the generic criteria and protocols developed" 

within this chapter is demonstrated for the case of typical copper sulphide tailings in Chapter 7 of the 

thesis. 

As indicated in Figure 2.11, the screening and ranking of solid waste constituents in terms of their 

hazard potential, chemical availability and, ultimately, potential environmental risk, requires prior 

knowledge of both their concentrations and forms. Criteria for the generation of such information on the 

basis of the waste origins (feed ore) and source (generating process) is the subject of discussions in 

Chapters 3 and 4 respectively. 
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Appendix 2.1: Water quanty guidelines 
(DWAF, 1996; ANZECC, 1999) 

Domestic use (ppm) Agricultural use (ppm) 

Livestock watering Crop irrigation 

Protection of aquatic 

ecosystems (ppb) 

ANZECC SA ANZECC SA ANZECC SA ANZECC SA 

J:i9 ____________________ 9:9.9.1 _______ q·.9.<.>t ______ <.>:<.>9? ________ .9. . .9.<.>~ _______ 9~99_~ _________________ 9:9_1_~ _ _____ Q._Q~ _ 
_ ~g ______________________________________________________________________________________________ 9_·99.~ __________ _ 
Cd 0.002 0.005 0.01 0.01 0.01 0.01 0.013 0.15 
~~~-----------~-~- ------------- ------------ ------------ -------------- ------------- --------- -------------- ----------
Sb 0.003 0.05 

_~~crL _______________ 9:9.9.1. _ _______ <.>:QJ _ ________ 9..? _____________ ? __________ q·_l ________ 1 ___________ ?:~ _______ J9 _ 
_ ~~(I!I) _______________________________________________________________________________________ ~ ______ 1:~ ____ : _____ _ 
_ ~~(YL _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________ ?:4 _ _ ________ _ 
Pb 0.01 0.01 0.1 0.1 0.2 1.2 0.2 ------------------ ------------- ------------ ------------ -------------- -~----------- --------- -------------- ----------

____________ .9. . .9.1. _______ 9:9? ________ 9~9?____ , ________ 9_·9_~ _____ Q:Q? _______________________ ? _ 
_ ~~(I~l_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________ .1 . _ _ ________ _ 
_ ~_~(Y!L_________ _____________ ____________ ____________ __ _ _________ _____________ _________ _________ . __________ _ 
Ni 0.02 1 1 0.2 0.2 0.7 ------------------ ------------- ------------ ------------ -------------- ------------- --------- -------------- ----------_ R~(11_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________ _ 

_ R~om __________________ .9. . .9.~ ________ 9:9? ___________ L ____________ ~ __________ Q·_l ______ 9~ ~ ___________ 1:L ________ 7. _ 
_ R~@L ______________________________ 9:!? ______ 9:?:? ______________ ? ___________________________________ ~ ________ l?_ 
Mo 0.05 0.05 0.01 0.01 0.01 6.7 ------------------ ------------- ------------ --------------------------- ------------- --------- -------------- ----------

1-
Be 

O.OS 

0.1 0.1 

Mn 0.1 0.05 10 0.2 0.02 47 1S0 
~---~--~---------- ------------- ------------ ------------ -------------- ----~-------- --------- -------------- ----------
_~I ______ --------- _________ Q:? ________ Q:!? ___________ ? _____________ ? ___________ ~_ _ ____ " __________ .!:? _________ ?_ 
B 0.3 5 5 5 0.5 0.5 4.S ------------------ ------------- ------------ ------------ -------------- ------------- --------- -------------- ----------
Fe 0.3 0.1 10 0.2 10 

Ba 0.7 4 ------------------ ------------- ------------ ------------ -------------- ------------- --------- -------------- ----------
_f________________ _____________ ______ , ___________ ?_ ____ ~ ____________ 1 _________________________________ _ 
_ R~ _________________________ L _________ J _____________________ 9:?:? _________ _ q._~ ______ 9~? __________ Q._~~ _ __ 
_9.9______________ _____________ ____________ ______ ._, ____________ L _______ 9-'9_~ __________ _________ Q·,g4 _ _________ _ 
U 1 0.01 3.5 ------------------ ------------- ------------ ------------ -----------.-- ------------- --------- -------------- ----------
v 0.1 0.1 6 .- ------------- --------- -------------- ----------

21 
_ ~l!I.R~?!~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________ " _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________ 1_ _ ________ _ 
Ammonia 32 ------------------ ------------- ------------ ------------ -------------- ------------- --------- -------------- ----------
Zn 2.4 3 20 20 2 2.4 2 -.---------------- ------------- ------------ .-------------------------- ------------- --------- -------------- ----------
P 35-50 ------------------ ------------- .. ---------- --------------------------- ------------- --------- -------------- ----------

_ ~i!~~t~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ . ___ 6. _______ ............. _ . .1.Q9. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ....... _. ~,gQ. _________ _ 
Na 1S0 100 ------------------ -.----------- ------------ ------------- ------------- ------------- --------- -------------- ----------_ Mg_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ J _q9 _ _ ________ _ 
Hardness 
CaCo3 200 ------------------ ------------- ------------ ------------ --- .. ---~.---- ------------- --------- -------------- ----------
S04 250 200 1000 .----------------- ------------- ------------ ------------ -----------.-- ------------- --------- -------------- ----------
CI 250 100 ------------------ ------------- ------------ --.------.-- .------------- ------------- --------- -------------- ----------
TDS 500 450 1000-3000 ------------------ ------------- ------------ ------------ --~----------- ------------- --------- -------------- ----------

_p_I-:!_____ _ ____ €?:~:~:~ _______ ~:~:~ _______________________________________________________ ~:~:~:~ _____ 4:~:~_ 
Increase 

_ <::9_,"!g jlJ_~[I:.n1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ €?9: ?_Q9 _ _ ________ _ 
Conductivity 
(mS/m) 550 
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Appendix 2.2 

Appendix 2.2: Typical element concentrations in natural environments 
(ANZECC, 1999; Beus & Grigorian, 1977; Chapman & Wang, 2000; Cotton & Wilkinson, 1962; Cox, 1995; 

logan & Traina, 1993; Tadessa et ai, 1994; US EPA, 1995). 

Element Crustal abundance 
(ppm) 

Uncontaminated soils (ppm) 

Minimum Maximum Average 

Soil target 
levels 
(ppm) 

Freshwaters (ppb) 

Minimum Maximum 

277200 10000 
~~~----- ---------------------------------- ------------ ------------ ------------ .----------- -------------

AI 81300 5000 10000 ----------------------- ---------------------------------- ------------ ------------ ------------ .----------- -------------
_ ~~_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ !?999_q _________ 199 _ _ ____ ) 9_QQ9 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ Q.~_I:lQ _ _ ______ ! 9999 _ 
_ 9_~ __________________________________ ~~=?99 ___________ 1!? ______ :I-_1Sl.Q(L _________________ ~~9_Q(L _ _ _________ _ _ _ _ _______ _ 
_ 1:<_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ ???9_Q _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ ??9_Q·,99 _ 
_ r-I_~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ ?!?~9_Q _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ .~9,99 _ 
_ Mg _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ ?9§19~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______ 499.9 _ 

_ _ _ _ -------- _____ ---- __________ ~:l-P_Q ---_________________________________ - --__ ----___ - ___________ - ---_________ _ 
____________ ________________ J?9_Q _________________________________________________________________________ _ 

Mn 1000 4 7500 800 201 0.130 0.190 ----------------------- ---------------------------------- -----.------ ------------ ------------ .----------- ------------. 
F 600 100 1000 

----------------------- ---------------------------------- ------------ ~----------- ------------ ------------ -------------
_§:i ______________________________________ ?.?9. __________ !9 __________ 49 _____________________________________________ ~999 _ 
_ !3.a _____________________________________ ~;3.9 ______________________ ~Q9 _________________________________________________ _ 
_ §:i! _____________________________________ ?~~ _________________________________________________________________________ _ 
_ y ______________________________________ )p_Q __________ ?_I_ ,- _________ ~L ________________________________ 1:99_Q 
_~_~ ___________________________________ 1?_Q _________________________________________________________________________ _ 
_ 9J _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________________ 19_0. ___________ ? _ _ _______ 1_~9 _ _ _ _ _ _ _ _ _ _ _ _ _ _1 ?99P_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________ _ 
_ 9! ____________________________________ 199 _________ 1099 _______ _ 1_0.0.9 ________ .1_0.0. __________________ _ o,·P_6.(L _______ 9:~~9 _ 
_ ?I _____________________________________ J9_Q _________________________________________________________________________ _ 
_ ?!1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________________ !'-IP ____________ ? _ _ _______ ~~~ _ _ ________ ~Q _ _ ________ ~~ _ _ _____ Q·9_1_Q _ _ _________ ) 9 _ 
_ r-IJ. _____________________________________ ??. ________ ~:99 _________ !!!? _________ ?? __________ 1? _______ Q.!'-I_Qo. _________ 1})9'O _ 
_ 9_u. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________________ ??. ________ 9:49 _ _ _______ '!Q9 _ _ _______ ?~ _ _ ________ ~~ _ _ ____ ~-?_QQ _ _ _________ ).9 _ 
_ ~! ______________________________________ ;3_0. _________________________________________________________________________ _ 
_ 9_~ _____________________________________ ?_~ ________ 9:49 ________ 1?9 __________ 2.9 __________ 2.? _______ Q·9_Q~ ________ 9:?9'O_ 
Nb ----------------------- -------- ,---- ---------- ------------ ------------ ------------ -------------

_~_b. ______________________________________ 1JL _________ ? _________ ?o.9 __________ ~9 __________ !~ _______ Q·9_O'~ ___________ ,:19 _ 
_ <;3_!! __________________ __________________ }P ______________ ____________________________________________________________ _ 

-~p-------------------- ------------------}_'!_------------ ------------ ------------ ------------ ------------ -------------
_________________________________ }.9 __________________________________________________________________________ _ 

_ ~!1 ________________________________________ 3. ________ 9:19 __________ 49 __________ ~o. ____________________________________ _ 
_ 9~ ________________________________________ 3. _________________________________________________________________________ _ 
_ ~_E!. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _________________ ?~S. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___ -_ _ _ _ ___________ _ 
_ ~! ______________________________________ ?_s, _________________________________________________________________________ _ 

______________ __________________ 1·_S, ___________ ?_1_ , __________ ? __________ 10. _______ 1·P_QQ _________ 1_0.·99 _ 
_ MC? ____________________________________ J·_s, ________ 9:?9 __________ ?9 ___________ ? __________ J _________________________ _ 
_ <;3_E! _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________________ J -?_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________ _ 

-~-------------------- -------------------}-------------- ------------ ------------ ------------ ------------ -------------
1_: - - - - - - -- -- - -- - - - - - - --- - - - - - - _________ o..?. __________________________________________________ --------___________ ,;2,·99 _ 
_ II. _____________________________________ o.._~ ____________________________________________________________________ 9:99~ 
_ ~_b. _____________________________________ o.._~ ________ ):99 ___________ ~ _______________________________ Q.;39.Q _____________ 5 _ 

_ 9_<L ____________________________________ Q._~ ________ 9:91_ _ _ _ _ _ _ _ _ _ _ ______ 9~2.Q ___________________ Q·9_o.~ ________ 9:99_9 _ 

_ ~j ______________________________________ 0.'_2. ____________________________________________ Q:1':~ _________________________ _ 

_ ~_e. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________________ Q·9_ll ________ 9:9{) _ _ _________ ~ _ _ ______ 9:,!Q _ 0.50 ______ Q·P?_Q _ _ ______ ) :999 _ 
_ !:iJ1 ____________________________________ ({.p_s, ________ 9:91 _________ 9:~ ________ 9~Q4 ________ Q:Q~ _____ ~·99.c>.2. ________ 9:)PP_ 
In 0.Q7 
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Appendix 2.2 continued ..... 

Element Crustal abundance 
(ppm) 

Uncontaminated soils (ppm) Soil target 
levels 

Appendix 2.2 

Freshwaters (ppb) 

Minimum Maximum Average (ppm) Minimum Maximum 

_ t-.9. ___________________________________ _ Q.·pJ. ________ 9:?9 ___________ ~ _________________________________________________ _ 
_ f'_c!. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _______________ _ Q·PJ_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________ _ 
_ f'.t _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ 9_·9P_~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___________ _ 
_ t-_u ____________________ _______________ Q·99_4. _____________ __________________________________________________________ _ 
Te, Ru, Os Rh, Ir, Re 0.001 
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Appendix 2.3 

Appendix 2.3: Generic screening of environmentally significant 

element concentration levels on the basis of hazard potential 

Component 

Crustal abundance (ppm) 
(see Appendix 2.2) 

Typical guidelines 
for drinking water 

(ppm) 
(see Appendix 2.1) 

Estimated environmentally 
significant concentration 

(ppm) 

Te 0.001 0.02* 0.1 
------------------~----------------- -----------------~----------------------- --------------------------.------- ---------------------------------------------
_!:!..9_______________________________ _ _______________________________ 9..:g_~ ___________________________ 9:QQ1 _______________________________________ Q,~ __ 
_ ~ _________________________________________________________________ Q:9_? __ __________________________ Q,Q_~ ________________________________________ Q,~ __ 
Cd 0.2 0.005 1.0 ~ ___________________________________ ________________________________________________________________________________________________ w ____________________ _ 

Re 0.001 1 1.0 

Se 0.09 0.02 1.3 

In 0.07 0.05* 1.9 

~-:p--t----------------------------------1--------------------------------Q:Q9-?--1----------.--------------_______ 1,, ___ + _________________________________________ ::2,.::2 __ 1 

_::n ___________________________________________________________________ 9.,;1 ________________________ Q:Q?.: ______________________________________ ?:1 __ 
Sb 0.2 0.05 3.2 ------------------------------------ -----------------------------------------. ----------------------------------- --------------------------------------------
As 1.8 0.01 4.2 ------------------------------------ ------------------------------------------ ---------------------------------- ------------------------------------------.-
Au 0.004 5* 4_5 ------------------------------------ ------------------------------------------ ------~---------------------------- ---------------------------------------------

_MQ _____________________________ + _______________________________________ 1:_:.5,~ __ ~-------------------------_g:i:)§ __ f ______________________________________ . __ ~8,: .. ,7 ___ 
1 

Pb 16 0_01 13 

Bi 0.2 1 14 
------------------------------------+------._-----------------------··------=-:-::--,1---------·------------------------:----~------------------.. -----------------------·-'-'--1 
l3e 2.8 0.1*17 

Ge 1.3 1* 36 ------------------------------------ ------------------------------------------ -----------------------------------f---------------------------------------------''':--1 
Ni 75 0.02 39 

------------~----------------------- ------------------------------------------ ---------------------------------.- ---------------------------------------------

-y--------------------------------- ------------------------------------~-:?-- ------------------------------~-:-- ---------------------------------------~~--
W 1 5* 71 ------------------------------------ ------------------------------------------ ----------------------------------- ---------------------------------------------

_§_IJ ______________________________________________________________________ ;1 ________________________________ ?: ________________________________________ !~~ __ 
_ 1._________________________________ 0.5 ___________________________ ;!<2:__ 123 

Co 25 1 158 

T a 1 ____________________________ ~<2:__ 173 

Mn 1000 0.05 224 ----------------------------------- -----------------------------------------1------------------------------"-,-,,--f--_.---------------------------------------;"'----1 
~-,B,,-----------.--------------------------1----------_____________________________ 1,_ 0, ___ 1 _____________________________ 0,,1-.,3,_+ ______________________________________ ?~1 __ 
~--C-:~ r __ ,, ___________________________ . ___ 1---------------------------------J-gg--1----,------------ ______________ O~:I: -':' 5: __ f--------------------------------------?~1--
_f_I,l ____________________________________________________________________ ?_? __________________________________ ~ ________________________________________ ?~1 __ 
_ !:!t ___________________________________________________________________ ?_~~ ______________________________ ~9.: ________________________________________ ?!~ __ 
_ B..~; ____________________________ _____________________________________ ?? ________________________________ 1_= ________________________________________ ?_~~ __ 
_ ~n _______________________________ _____________________________________ ?9 ________________________________ ~ __ ______________________________________ ~_~Q __ 

_ ~! ___________________________________________________________________ ?.,~L ------------------________ l<29..= __ l ______________ ., _________________________ 5,,_0,,_0,, __ 1 

Ba 430 0.7 550 

Ga 15 30' 670 ------------------------------------1--------------··------------------------·:-'::--1-------------,-----··---______ :.:~ __ _+,,------------------------,,--------------:c-~.:::--I 
1-_:1:",r __ ,, ______________________________ + ____________ ----------------------19.9--1---------------,----,-----______ 5:.:* ___ r ____________________________________ XgQ __ 
_ ~_~ ___________________________________________________________________ J_§l _____________________________ ~Q.: _______________________________________ X§Q __ 
_ f_________________________________ _ _________________________________ ~Q.9 __________________________________ t ______________________________________ X!§ __ 
_ '1_________________________________ _ ________________________________ J_?_Q _______________________________ ?.: __ ______________________________________ ~ZQ __ 
_ §_~ ____________________________________________________________________ 1_~ _____________________________ ~QQ: __ ____________________________________ 1_?QQ __ 

J,L ____________________________________________________________________ ;'lg __ --------------------------~Q<2:--f----------.----.-----___________________ 1,17_c_0-:;:0 __ 1 

CI _________________________________ )_<29 __ + _______________________________ 1, __ 0"_0,, __ + ___________ , ______ , ______ , _______ , ______ ,_3,,,2=_0::_0" __ 1 

_-'3_~ ______________________________ +--------,-------_-___________________ 1,_ 2=.0= ___ 1 _____________________________ 1_,1_1 O::_O:.:_+ _________________________________ .:?_:;?QQ __ 
I-_,F: __ e-: __ ,. _____ •• ______ • ______ , ___________ I _____________________________________ .:: 5;::0°=,°=_°= ___ 1 ____________________________ 0,,; .. _ 1,_+ ____________________________________ ;l_§lQQ __ 

AI 81300 0.2 4000 
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The Characterisation of Ore Deposits: Establishing 

the Origins of Solid Mineral Wastes 

As pOinted out in Chapter 1 of the thesis, the limitations and inconsistencies in currently available data 

and information pertain not only to solid mineral wastes, but also to the ore deposits from which they 

are generated. As ore deposits form the primary origin of all solid wastes arising from the beneficiation 

thereof, addressing these data gaps and inconsistencies is a prerequisite to the reliable prediction of 

the key characteristics of solid mineral wastes on the basis of their origins and source. 

A review of the general literature pertaining to the formation and classification of mineral deposits (see 

for example Battey, 1981; Corrins, 1969; Cox, 1995; Niggli, 1954; Thornton, 1983) indicates that, 

although the compositions of ore deposits are dependent on a number of factors and vary quite 

considerably, minerals and their component elements do not occur together at random. The distribution 

and chemical form of the elements within mineral deposits (including ores and host rocks) is controlled 

by their physio-chemical properties and behaviour during naturally occurring geochemical and 

geological activities, with certain elements having similar properties and hence exhibiting similar 

behavioural trends under a specific set of conditions. A fundamental understanding of the key 

mechanisms and parameters controlling the natural formation of mineral depOSits will allow prediction of 

commonly occurring associations of elements and the relative extents to which such groups will be 

distributed to, or enriched/depleted in, specific deposits. This in turn will allow for more accurate and 

detailed descriptions of ore deposits, thereby facilitating predictions of the characteristics of the wastes 

arising from the processing thereof. 

To this end the formation and classification of major mineral deposits, in terms of their chemical 

compositions, is described in Section 3.1, followed by an assessment of the key mechanisms and 

parameters controlling the distribution and association of elements within such deposits in Section 3.2. 

The scientific techniques and methods for the derivation of element enrichment factors and 

compositions within ore depots on the basis of the knowledge and qualitative information gained 

through this study are discussed within Chapter 5 of the thesis. Practical application for the case of 

porphyry-type copper sulphide ores is demonstrated within Chapter 6. 
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Chapter 3 

3.1 The formation and classification of major mineral deposits 

In order to understand how elements are distributed and associated within specific mineral deposits, we 

first need to understand how they are distributed within the earth's crust. In accordance with the data 

presented in Appendix 2.2 of Section 2, and summarised in Table 3.1 below, the distribution of 

elements in the earths crust is very unequal, with 95% of the crust being made up of only eight 

elements (0, Si, AI, Fe, Ca, K, Na and Mg). These eight elements occur as common rock-forming 

minerals comprising mainly silicates and aluminosilicates, containing trace elements as substitutions in 

the lattice structures. The general picture that emerges is that of small amounts of many elements 

immersed in a vast abundance of a few. Mineral ore deposits occur when one or more of the trace t9 

minor elements have accumulated, through special concentration processes, in a quantity sufficient to 

be capable of economic extraction. 

Table 3.1: Distribution of elements within the earth's crust (after Cotton and Wilkinson, 1962; Cox, 1995) 

Abundance 

Major elements 

> 100 000 ppm 

10000< ppm < 100 000 

Moderately abundant elements 

1000< ppm< 10 000 

100S ppm S1000 

Minor elements 

10< ppm< 100 

Trace elements 

1< ppm S10 

Scarce elements 

0.001 < ppm S 1 

s 1 ppb 

Element 

Si 

Ti> P 

Mn > F>S> Ba > Sr> V",Rb>CI=Cr=Zr 

Zn '" Ni > Cu> U == Co > Nb>Pb '" Ga ==Sc 

B > Sn=Cs ::::: Be ::::: Br> As ::::: Mo ::::: Ge 

W::::: I ::::: TI '" Sb = Cd = Bi > Se :::: Hg '" In = Ag> Pd>Pt '" Au 

Re, Te, Ru, Os, Ir, Rh 

A summary of available information pertaining to the are deposits associated with primary metal 

production industries is presented in Table 3.2. This information is largely qualitative and based entirely 

on available and, for the most part, incomplete empirical data. Nevertheless, such information serves to 

highlight the complexity of mineral ore deposits for which the targeted metal, although relatively 

enriched in comparison with average concentrations in the earth's crust, is frequently present as only a 

minor component. In many cases, ore deposits are comprised mainly of valueless or sub-economic 

elements and their associated minerals, commonly termed gangue, which are thus a major component 

of solid wastes from the primary mineral resource industry. 
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Table 3.2: Ore deposits associated with various primary metal resource industry sectors (after Adamson, 

1972; Cox and Singer, 2003; Reuter et ai, 2003; Xiao & laplante, 2004) 

Industry sector Typical ore 
grade 

Non-Ferrous Base Metals 

Copper 1-5% 

(100-700) 

Nickel-sulphide 1-5% 

(100-500) 

Nickel-oxide 1-4% 

(100-500) 

Zinc 3-5% 

(400-600) 

Lead 2-6% 

(1000-4000) 

Non-Ferrous Light Metals 

Aluminium 

Magnesium 

Ferro-Alloys 

Chromium 

Manganese 

Iron 

Precious Metals 

Platinum Group 
Metals (PGMs) 

Gold 

Beach Sands 

35% 

(4) 

30-40% 

(1500-2000) 

30-40% 

(300-400) 

30-60% 

(6-12) 

5 glt 

(5000) 

4-10 glt 

(500-1000) 

1% 

(2) 

Major ore 
components 

Cu, Fe & S 

Ni, Fe, S 

Fe, Ni 

Zn, Fe,S 

Pb, Fe,S 

AI, Fe 

Mg, Fe 

Cr, Fe 

Mn, Fe 

Fe 

Cr ,Fe, Cu, Ni, S 

Au 

Fe, Ti 

Commonly occurring 
minor/trace elements 

Ni, Zn, Ni , Cd, Mo, Hg, 
Pb, Sb, Ag, In, Se, Te, 
Bi, TI, Re, As, Ge, Ga, 
PGM's,Au 

As for copper 

AI, Cr, Mn, Zn, Co, Cu 

Ni, Co, Cu, Cd, Hg, Pb, 
Sb, Ag, In, Bi, TI, As, Ge, 
Ga, Au, Mn 

As for Zn 

Mn, Ti, Cr, Fe, Ga, Cu, 
Zn 

AI, Mn, S, Ni, CI, Sr 

Mg, AI, V, Zn, Mo, Pb, 
Cd 

AI, Mg, Co, Ni, Cu, As, 
Pb 

Sn, Mg, Cr, Ti, V, AI, As, 
Zn,Pb 

Ni, Cu, Co, Fe, As, Au, 
Ag, Cr, Fe 

U, Ti, Zr, Cr, Mn V, B, 
Fe, As, Cu, Zn, Pb, S , 
Hg, Ag, PGM's 

Sn, V, AI, Cr, Zr, Mn, Nb, 
Ta,U 

• Figures in brackets represent enrichment factors relative to abundance in the earth's 
crust 

• Constituent elements in italics represent metals frequently recovered as by-products 
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Any 'wostlg~t'ln mlating to solid waste outputs from this industry thus "'quires a quantit~tive 

understaoong at the c~omkoal compositions of both the host rock-forming aM ore-forming (!argetflCi as 

well as sub-flConomlc) minerals and component elements. 

As demonstrated in Figure 3.1. m neral deposits are farmed in the first Instance by crystallisation fro m 

magmate melts (magmatko depoSIts), and subsequont physcal and chDrTlical weathering of the 

magmatko doposits On exposlJ""o to a .. and wator (sedimefltary doposits), 

MOil"'" tkJt< ----I c""".;w,x, I 
M,,7fl"" cepe,;I, 

I 
'" ---1 ' .... ... ,,'" "'; A. ~ ','M", 

I I 
/s,,,,,,,,,,, (»<,,.~ / S".) "'If1,,,,')0 

ocnt"""'l ,"",i". rt>""'''~'' 
OIeTont, ;",oW e 

" rri ,.or"i&'ci omo 1to 

Sedm",t"'"", 

I 
C"'I'r"',""'J_ ,,,",,,"" - ~ 

Flgu,e J, 1: Ge<>loglcal and geoc~emlc.' processes Involv~d In t~~ form.lion of mine,.1 deposits 

W hi:st the strlX'lums of both magmatic and sedimentary tIcpos'ltS can Ll:"'ldcrgD furth~r transformation or 

metamorphosis in natLJrill emironments, the distinotlon betweon me!amorpllic rocks and those rocks 

formed by magmatko activity or soome"talion IS froquontly unG:e~r (8att~y. 1961)_ In general 

m~tamorphism entaiL~ the SIJbilisation of mlnoral compon~nts in sedimentary and magmatc rocks 

m~in:y as a result of recrystaliisation but docs not inflLreoce the ~lemental compositions i,e, tho 

compositions of metamorphc OOPOSltS gonerally reflflCt the compositions of thoir scdimontary and 

magmatc pwcursors For the purposes of this investigation, attentKJn wi!! be focused on~ on magmatic 

and sedimentary OOPOSlts_ 

These ma[JTlatK: and Sedimentary d~posits can be groL.ped or ciassd'ed in accordance with th~'" bulk 

chemkoal cOITllOSllions and conditions relafng to their formation (';,e_ tho~ g~nesis), as indeated in 

Figures 32 and 3,3 respflCtive~_ FLrlher information portaining to the formation and chemical 

compositions of magmatic and sooim~ntary deposits is provded in Appooox 3.1 
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M'~m",ic depo,olt> 
f m,-,...j h'i o~,,1.,' lio"i'" of molt"., ' ''''G'~" 
lXidef ooodotooo Co! h-l~ ,omp .. ·"tL .. o, "nd 
pre"ur~o, "t~e .o=oe [jair or '''''''~r 

I - , 
I~_". "'"'' Peg"'."" "., •• HydrO!h<rmOi depo.", 

• COC1ori""" ..-"<ITn",,nti,' ~ • C"~;~ Si<Io:l I"",Jy ~ K_AJ_ • C'n;~,,.,, m',,~ o· 
,iCat"" ,nd 000 0' 01 m'i" , i Cat"" "-""iIl mod from 'llJOrtz ,_,)oj o~,b~~ i 0 
Drl"''' ck>rr.",t, lSi, AJ, Fe r"" I1r);}'>o II u OJ, ck>"""" 
C •. N" K, flUI • 00<» ,."11,,, I",""", cA ,'A'" • 0,,,,-,,., V<;11 "'1''-'"'" 

• Con" 'u'" g~~, 01 " 0 ""rt~', >;in ""'''' rc"''' !M>:J , ... " tI-"">;I ;, >;in"",,,, "ddic "d, 
"rtaGe "-- 'M ¥.~ , t>.or;ng proouc1S 

• Nm-I'>Oi'" ", .. ""nl, ",J, • C.n '''' ''''' ''''',t;~ enr.olled', 
1""""'" 'w,~'u"~ !&,.-., r" ,,,-,, ,,<.I"to<; .""lI...,t, 

--~,;. 0,." ~ AI~.,,,,. 'O"~. Aoi<lio rOo~. Hypoth erm.' MeoOIl>erm.' Epilher"'.' 
I> .. io ro<>" kll" rr..-J '" Ie ''-'I-,,,, .. J ' , MU dep""it. dePO.,t. depo.,\. 

En'id,ed i, fl~ 'YPO ,ock", .rvJ >'~-• . " "'"" SUphide, .M Sclor~' and SUo/lide, .noj 
,,'" f'~ or'" "H"'~''',' i·, S A, "no o,~", ""'" OX\'u.oo" 0>:),"" "-' 
oj"lMod " Si e·1r;c~eo;n Co, 01 .. i meU!> "'-"'-I, ,.,,,' ""W, wit, '0 <.I, ,.-,h 

AI ,,>d ,ht: p,"iou,,'~ K .. ""h ... " h.\I1 in'~~_'" , ..... "", o-
rr",,,", l~ oI t"'j ,,>d mo."", "no mol">;1 "nd 

ooI"g poin'" boil,," ;;<lin" boI ing po Ill" 

• 
Docr"", "'1IO"V<l"'lJrO of lorl"""'<1 

Figure 3_2: Clo .. ilicolion 01 prim0'Y mogmalic deposit . 

3.2 The distribution and association of elements in major mineral 

deposits 

A review of general texts or. the m;nera!ogy. geobgy and/or geocherristry of tile earth's crust i,ee for 

oxar"lple Batty. 1981, CO" 1995; Thorr.ton, 1983), irricates that elements occur ir. the earti,-s crust in 

tho torr"l of either sulphides (ir.cludng sulph:de ana!ogues such as tollurides. se!er. :des. arsenide, and 

antir"lon:desJ: oxides (ir.c IWing corrp!ox oxides sLdl as silk:atos. carhor.ates ar.d ,u!phates): or as 

LII1cOr"lbinod, nat,vo elemonts 
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ShOI • • 

• Coo"",,.,od ,_Iominonly 01 ,,~y In""'''' ,~'r ,,' 
b'llf\o "rna", 11)'",c<,~-' 01 , Ie",o m; ,' o",", ;n 
metarnc<oI\ic <Ie""" , 

• C ori,~ Ie ..... ar"ourJ, cI Quartz. cor_ale,.-,j 
"' "" ", ......-,1 •. ,,-,,"", by lhe '~-P'OC I "''''on 01 
""''''''' ' ' ",",,,,,",,,.,, ,1""ry P""'" IV """w'''' '-* 
''''''' """,~,;c ",,'OS" 

· C"",tiMe 00% of ,edm"~. "1 dopasit> 

Limesto!lC 

· Com or:>ed ...,ir ly 0' C,,''M~ ,a",on"t~', ~-b~ " " -.-orool", .. ton 01 «..-r>ert, ","Lb i ,ed 

(/ 
c;" '''' y j ",,,,,,,,-,, ,,,, 0' ,,>«1> """,<>0 "-"", .",1 
"""",".0 d,,.. 

Sedlme ntory SOO"tlQn. 
""posits • Coo1p""'] "" '" af 'J". rt;, iorrrw<l ''Y fl. '.-

Formod h, r"Y"" ~ WOC~" k""" " <;'".>:0 ,r;". ,,,,,,, .,od d,,,: .... 
,,'" d >Omoo. 1 d·,,,,",,,,,' ,, I""t"norr"" rock •• nd "",ac,"oo 
~""'''''r~ af C~l~ lnafTMt~ 00r"''''' 00 It\ · C.r coot,..., ",nor Qua",,,,,. of cI"'/> .rdle< iro r 
0),)0"''"'" "',Ir ar, o~d", irner1 ' i 
"ale' Cor", tl!e • Ca,'", loto 1m·, <J ,.""",,'1.'lry 0.,-""''' 
'>'P,o,",,,,t .. y 5'; '-* 

~\ 
tho'; ."1,,, o,,,,t. ",I 
""our< "",7','.'. D' 

ICJ>e<lUS roc, ><rlllCO Lo,«I,,,, , 
e~=ur'" C~,,_ ._"",""" "_,, '00 "_.~ IlQO<h.e: ,OO'or o'cmocm rbo,,"e . Il<_"e l, !e<mod 

b~ the re-or"4l •• ton 01 'he"" ele<ne<J,. ","ubl i_ 1 
"-,",,., "",sdet,,,,, 0' ,,>«I> ,,""pt>O """'" am 
""""",,,,, c"ys 

E"oporll., 
Coon",·,,,,] ",,,,10m n. nl'l 01 ,,,,,Mlzo, •• 1" 01 IMp 
k>r' (No , K. C,,: re-oreei"''''te, tom f>i.;;N y m '",'I ~e' 
, oo,"on, , 

Co,1 
~ri>ed prodorrOral~l~ ot or<;;anic car_ \'! th 'rllCe 
to mOo, iror<;;arc """,de an, o~de ",,,"at> 

Figur~ 3.3: Clossiflcation of sedimentary dej>O.its 

As n dicated n Figures 3.4 arYl 3_5 overleaf. the natLX~1 occurrence of elements can, in turn, be 

correlated with the'r chemical properties m;d p~tterns thereor (~s represented by the per>adic table), as 

'",'ell as their aff" ities fcY oXY\Jen (~s measured by the star.darri Gibbs free eoorgy ot ox,de tormatlOn 

fiG,'). Mela:s havil'l\J a strong affinity tor "hard- ligands such as oxides and hal'des ir.clude the strC>'lg~­

to-morierately electropositive metals, aprearir.g 01 the left hand sKJe of the periodic :able_ These 

elemen:s are commonly termed lithop'1 iles 0'- lithop'1ilic elements. The weakly electroposltve me~als 

and semi-metals (or metalloKJs)_ appeM"g in the lowe; right ham side of the per'od>e table. have a 

strong affin:ty for "soft" sulrh'de-type (n "lcxJ i1g selerlide, te ! uride, arser,rde and antimonide) lO;jands_ 

These elements or;ly occur ~s oxides ir, natu;al er,vironmen:s unrier oxidiSing conriitions. ar<J are 

commonly refer;ed to as chalcophiles. The noble metaL~ (gok\, platinum group elemer,ts, am, to a 

lesser e.tent, copper) frequently occur in the uncomb"ed form, ~r,d are commor,~ relerred to as 

srrlerop'1;les 
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Figure 3,4: Modes of occurrence of elements within the earth 's crust (modIfied from Cox, 1995) 
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Figure 3.5: The affinity of elements for oxygen (thermodYrlamic data sourced from Brookins, 1985; Cotton 

&- Wilkin son. 1962: Elliot &- Glei.~r, 1960-63; Garrels, 1960: Knacke et ." 1991 ; Kneen et . t, 1972; Lid~, 

1997: Price_ 1995; Woods & G.rr~I$. 1987; Zeim. ck, 1992) 
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The distribution and associations of ~ements in natural~ occurrir.g minerai depOSits (ore, and host 

rocks) is tr...s dictated in the first place by the relative affinities of the ~ements for hard "o'ide-type" 

versus soft "sulphide-type" ligm'lds, and OreS are frequently classified as sulphide Or ox<Je ores, in 

accordance I'oith tM form 01: the valua~e or targeted metals_ This classification system is useful to both 

eXr"oratoo geologists and process des;gn engineers as it corresponds I'oith behaviour patterns of 

elemnnts wring both tht> tormation and subsequent beneficiation of ore deposits, Some of the physio­

chemicai properties typ '::JI of o~j(le an(1 sulphide forms 01: tho natural~ occurrilg elements are outill1ed 

in r~bie 33_ 

I , 
, 
! 

, 

Table 3.3: Generic proper1ie. 01 oxide and .ulphide chemicallorms 

Property 

Nature of bonds 

ThermJI stability 

S<>ubility 

Physical 

propert"'s 

Oxide compounds Sulphkle compounds 

Essentially 00'::. althcwJgh the Essentially cova:ent-frequenHy 

! degree of ion.:: I:>or!dilg vanes (I,spiaying si91ilicant metal-metal 

according to the ele<;tronegatl'ilty bon(llng_ 

and ionic charge 01: the catoo_ 

, Will vary Jccordilg to the ionic Relatively unstJble-converte<:1 to 

narure of the bonds Generally , oxides or eleme<ltal phases in the , 
more stabie. w ith higher melting [Yesence of oxygen at elevJted 

Jnd boilir.g poil ts. than sulpnde temperatures 

forms. 
--_.----

Var"," q~lte con slde-ra~y in General~ stab:e to hydmiysis and 

accordance I'oi th the nature of tht> r~atively ilsolwe in water_ 

bonds, 

Ger.era::y less 

than sulph!des 

den"" and harder 

DissolL.tion gBllerally requ'~es 

"trong~ acdic and-'or o,rd'~lI1g 

coooitions_ 

Freqwntly di~ay;ng metallic 

character- high conductivity 

, 
! 

The informahon provided by such a classification system in terms of the rhysio-chemlcal rrorert:es, 

behavlOurs, and associah:ms of elements occurring within any PJrticular ore deposit is. however, both 

extremely general and brood, The actual properties or charJcteristics of ores occurring in each class 

(i.e. supnde aoo oxide ores) I'oi ll vary quite considerably, dlJe to tM large m.mber of me<;hanisms aoo 

parameters influencing the (Iistrlbutions and associations 01: elements I'oithn natural~ occurring mineral 

depos,ts. Even in terms of the forms, many elements (such as iron, cobalt. nickel and copper) show 

intermediate character and can occ~r as eitMr oxides or sulphi;:les (see Figure 3.4), depending on the 

environmental coootions. Copper can also occur as Mtive coppe', 
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A detailed review and analysis of the key factors influencing the distribution and association of elements 

in sulphide andlor oxide type deposits is carried out in the following sUb-sections- firstly under the 

reducing thermal conditions associated with magmatic activities (Section 3.2.1), and secondly under the 

mildly oxidising aqueous conditions associated with subsequent weathering and sedimentation activities 

(Section 3.2.2). 

3.2.1 Primary magmatic deposits 

In the case of primary magmatic deposits, the deportment of minor and trace elements will be governed 

mainly by crystallisation and ionic substitution reactions. 

Crystallisation reactions 

The temperatures at which the elements crystallise from magma melts will be influenced largely by the 

stable forms of the elements and their thermal properties (particularly in terms of viscosities and 

volatilities) under high temperature, reducing conditions. In general, the sulphide minerals have lower 

boiling and melting points and are less thermally stable than the oxide phases (simple and complex 

oxides). Sulphide minerals and their associated chalcophilic and siderophilic elements are thus 

crystallised from magmatic fluids and condensed vapours after deposition of the relatively stable oxide 

minerals formed by many of the lithophilic elements, and typically occur as enriched veins or massive 

local deposits in fissures of acidic host rocks. The thermal stabilities of the ionic oxide phases, and 

hence the temperatures at which the lithophilic elements crystallise from the magma melts, will, 

however, vary quite considerably. As discussed by Kneen et al (1972), the thermal properties of oxide 

compounds are dependent largely on the ionic nature and the basicity of the bonds which can, in turn, 

be correlated with the ionic radii and charge (or oxidation state) of the cations. In general, the thermal 

stabilities, and hence the melting points and boiling points, of the oxidic forms of the elements decrease 

as the ionic charge density (ionic charge (Z)I ionic radii) of the cations increase. Clearly oxides formed 

by ions with similar charge densities can be expected to have similar thermal properties, and thus be 

highly miscible or closely associated under high temperature conditions, such as those occurring during 

magmatic activity. The effect of charge density on the likely associations of oxides within the various 

types of magmatic deposits is indicated in Figure 3.6. On the basis of charge densities, an "oxide 

miscibility model" has been constructed in Figure 3.7 indicating feasible associations of oxide forms of 

trace and minor elements with the major igneous and pegmatitic rock forming elements. 
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A number of lithoph',r elements remain in the aquews and/or Or \las phaw, along with the sulph,de 

fo,ming clmkoophilic elements and sKle'ophiles, at the h,gh temper~tums aSS0<'i~too with the depOSltbn 

of igleous rock deposits (ult,a-basic to acid" 'oc,s) Such elements nclude the divalent metal catbns 

(particularly calcium, magnesium and barium) focmng stable sold phases with oxyanbns (main~ 

phosp'late, carbonate, sulphate and borate): the Slmp:e OXKleS of the alkali metals and silica (quartz): 

uS well ~s the volutile h~lides. Thes8 elements are transported In thei' stable forms within the hot 

residual rnagrnat;G solutions, Qases clnd W~lor vapour th'ough rock fissures at){i cracks 10 the ea1h's 

surlace, resulting in tho gri\{iual formation of hydrothermal mineral depoSits on tho walls of the fissures 

upon cooling_ As ind icated n F>;Jure 3.2, hyd'othermal depoSits are gene'ally di'Jdoo into twee 

temperature ranges, with the temperature of crystallisahon aecreaSing on gOing from the hypothe,ma! 

to the mesothermal to the epithermal 'ange. Although the thermal stabilities and hence the melting and 

bolin g points of the covalent SUlphide compounds at Glented temperatures appear to be linked to the 

extent of metal-metal borxling or alloy-like character of the comPOUndS, metal sulphides frequently have 

peculiar and complex stoichiomet,ies, and are general~ not well unde'stood_ Mn eral associations 

commonly feiXlrted Isee for example B~tty_ 1981 Ce>rrens, 1969; Duda & Rejl, 1988) for the vmlOllS 

types 01 hydrothermal deiXlsits are presBlltB{i " Appendix 3,1, Figure 3,8 ind,:;ates potential 

associatbns 01 selectC(i hydrothermal minerals on the basis 01 their meltir>g and sublimatbn 

tomperatures, 

-2 'O:'J , 
! 
i 

." 

1
· "",..''''''- 1 .,.., _on ",.~ 

S,<>C,"" likoly:c bo ,",~e i1 tho mooo:h~rrrol 
lc rypothcfrn,,1 Ierrpc'otJre r,,-'7'" 

'W'> • ON,S 
Guo"" 

, .",53 • ~s, .. ='. Gos, 

o "",;./;,:s 
0-125'''"-'' 

o ,"", 

Sf"'-"'" "'")''' h~ ""'J'\' ,,;;t)o 'n th~ 
"",<lOtt, 'm'," t""",.ntJ,. r ...... ~ 

Sp~,,,,,, likoly to bo r"'i1~' ,",~~ ior the 
OIl.tho'mal tern,,,,,tLJ'e rar"" 

Figure 3.S' Stable temperature ranges of hydrotherm~1 mlMr~ls ~s a function of melting and sublimation 

pOlntslmelling and sublim.t1on temper~tures have be~ n sourc ~ d from Elliot & Gteiser, 1997; Lidc, 1997; 

Oulokum~, 2002) 
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Ionic substitution reactions 

In many cases trace to minor elements occur as isomorphous associations dispersed within the mineral 

structures of the major elements, as opposed to discrete phases. Such isomorphous associations can 

be attributed largely to the similarity of size and properties of their atoms and ions with those of the 

more abundant elements, resulting in their replacement within the compound crystal structure. 

According to Thornton (1983) substitution can occur if the difference in ionic size is less than or 

equivalent to 15%. On this basis a model, termed an "ionic substitution model", has been constructed in 

Figure 3.9, providing an indication of the feasible isomorphic associations of trace and minor elements 

with major mineral-forming elements on the basis of their relative ionic radii. Many trace to minor 

elements, including Ga, Ge, In, Re, TI, Rb and Hf, occur almost exclusively as dispersed elements, 

whilst the stable forms of iron and magnesium generally play host to a number of minor to trace 

elements. In particular pyrite, a major mineral in most sulphide deposits, frequently contains a number 

of isomorphous co-elements, including arsenic (up to 10 weight percent) and other elements such as 

cobalt (up to 3%), nickel (up to 10%), zinc and copper (Seal & Foley, 2002) . 

.... Ag(l) 

K(I) ~~>-""'=====~=~~~~~~~~~~~~:: Au(I)-Ba(ll) 

Rb(I)-Au(O) 

~
Ga(I)-Sr(lI) 

~ U(IV)-Cu(l) 

Ca(lI) Na(l) ~ Sc(III)-Zr(IV)-Hf(IV)-Mn(lI) 

__ ---------------.--... Ti(lIl) 
Fe(lI) .. 

Co(II)-V(III)-Zn(ll) 

Nb(V)-Ta(V)-Sn(IV)-Ni(II» 

Mg(II)'--' Fe(lIl) .--. V(V)-Mn(III).... Ti(IV)~Mo(IV)-
W(IV) 

Cr(lll). Cu(lI) 

Ga(llI) 

V(IV)-Li(I) 

AI(III) <IIII~ ___________________ -''' Ge(IV) 

Figure 3.9A: Ionic substitution model for lithophilic elements (igneous and pegmatitic rock deposits) 
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5(-11) .... II1II------"1 ..... Te(-II) 

.~ 
Pb(lI) Au(l) 

Ag(l) 

Bi(lIl) 

Cu(l) f""--===================: TI(lII)-Pt(II)-Cd(ll) 
.. - Sb(lII) 

In(lII) 

Co(lI) 

Fe(lI) .... 11111 ____ -.~ Cu(II)-Ni(II)-Zn(lI) ~:::------... 
Re(IV) 

Mo(IV)-As(llI) 

Figure 3.9B: Ionic substitution model for chalcophiles and siderophiles (hydrothermal sulphide deposits) 

3.2.2 Sedimentary deposits 

The magmatic deposits described in the previous section are not in equilibrium with conditions at the 

earth's surface and are thus eroded and chemically altered by weathering and sedimentation, as 

indicated in the general flowsheet in Figure 3.10. During chemical weathering, the minerals in magmatic 

deposits are changed into phases which are stable under conditions of ambient temperatures and 

pressures, through chemical weathering by air and water. Physical weathering breaks the rocks into 

smaller fragments, increasing the surface area exposed to these chemical agents, and thus enhancing 

the rate of chemical weathering. 

In contrast to primary magmatic deposits, the deportment of elements to, and compositions of, 

sedimentary deposits (which include shales, limestone, sandstone, laterites, evaporites and coal) will be 

governed by a number of reaction mechanisms and influencing parameters relating to the local 

geology, hydrology and climatology. Considerable variations in the compositions (in terms of both the 

major and minor/trace minerals) of sedimentary deposits may thus occur as a result of changes in the 

physical and chemical conditions during weathering, transportation and deposition. Despite these 

complexities, the weathering of magmatic deposits is essentially a process entailing separation of 

attenuated and unattenuated elements, and can thus be largely considered within the framework of 

relative element mobilities under naturally occurring conditions. As in the case of solid mineral waste 

constituents (see the chemical behaviour model and related discussions in Section 2.2), the chemical 

mobility of solid phases in magmatic deposits will be determined in the first place by the stability or 

reactivity of the primary mineral phases in the magmatic depOSits as a function of local environmental 

conditions (mainly redox potential, oxygen concentrations, microbial activity and pH), and in the second 

place by the extent of attenuation of the solubilised constituents through precipitation/dissolution and 

adsorption/desorption reactions. These attenuation reaction mechanisms are generally rapid, fully 
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reversib lo oqlli _brllJ1l·controilod reactions, whICh are dependent on a number of parameters, incluang 

constituent acti\oity, redox potential, the nature and concentration of major soluble ions arod tho 

sedimentary deposits and, in particlliar, pH In contrast, the rates at \\onich tho prrnary phases are 

weathered or altered can vary quite consKJerably, ranging from rarid equillbnum·controllod reacti()ns 

resultll'9 in rolativory rapid weather ing and mobilisa:ion ()f associated elements. to &IOW kinetically. 

controlled reactions, IvhlCh are only likoly to result in 5\:jnificant weathering in the meaum- to long-term -_ .. _-. -- .. _. 

I Silicates I Oxides & QlJartz 

Prmary 
carbonates 

d:ss~ut~ 
P'-rnary 
d ssolution 

Secorodary 
dissolu:ion Alkaline solutions 

Clays (pH7·9) 
IKJ-'i.--.". ' 

"~~~~~~~~~~~~~ Shoic oed; A,,"I' 0"''' mot"': 
K A' , I ,,'''' ~m; C.It"",.,,.-t<c,,,oo,.-..,to; 

, ;"""0'" , , , 
Secondary , 

, sedimentation , , ,-" 
j • , , 

, 

S~ut~s Carb()nates OXioos Quartz I 
A""-"""-": ir0l' 

AI",r 0",'010; IM~) Co: I~\;l) (""Vl "': LX'1) 

, 
t __________________ , , 

-----------
Sandst()ne 

Shales I 1 Evaporrtes 1 1 Limestone ~ >I l atentes and chort 

, ::: t.. _________________________________ t __________________ t --------------.J 

Figu", 3.10: Generaliscd flowsh<:ct for the formation of ~edimcntary dCP05it5 

Typical weathering and sodmentatKln roact~s of the common major mlnorals in naturalry-occumllg 

deposits aro presented in Apporodix 3.2. The corresponding astributlons 01 minor and traco elements 

can, in tllYn, bo predicted from a kroow1edge of the Eh-pH regions 01 dominance for the" stable forme., 

as presented f()r exampie by the Eh-pH dagrams of Brookins, 1988. As indcated in tho reactivity mOdel 

in Table 3.4, this aiKlws eiomenls to be gro~d in accordance with their chemical behaviour patterns, 

and henco likely associations in sedimentary or weathered primary deposits, as a luc.::tlon of natural 

redox potential and pH conditions 
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Table 3.4: Eh-pH reactivity model 

Conditions of reaction Reaction products 
Element description pH Redox potential 

Group 1 : elements forming stable oxides or metals (unreactive under most natural pH and redox 
conditions) 
fA: oxides 

E~~:~;(r~)=~=:=::=:::=~~t::::::::::::::::::::::==~==:=:=:::: 
Sb(V) f None None None 

18: metals 
Au None None None 

~~~ii~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~=~~~~~ ~A9J~~~~~~[~~~T6~~~~~~~~~~~~~~~ ~Q~~!~l~[~g~=~~=~~~~~~~~~~~~~~~~~~~~ ~~g(iI~~{[~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
Hg*-PGMs Acidic «4) Oxidising Cations 

--Se~Te----------------------------------------- -~~~~~~r~~~~%~------------- --g~l~l~f~~--------------------------- --~~w~~~~rr~f~~iinions---------

Group 2: elements forming moderately stable oxides (partially reactive under specific conditions) 
_.lr:!(!!!1::.!?JJlllt_____________________________ _A£~9.~<?_.t~~} ______________________ .I~~n~I!12n~!:.Q~lgl~!r:!g ________ Q~!j.Q_r:t_!:? ____________________________________ _ 
Fe(III)-Mn(lII) Acidic Transitional-oxidising Cations 

Neutral Transitional Cations --Cr(iiiFV(lll)7iivy------------------------- -AcidiC----------------------------- --Transitional=oxldislng------- --Catio-ns-------------------------------------
____________________________________________________ __~~~!!..?L-_?.l~_?..~D_~ ______________ .Q.>.<lg!~!r:!g ___________________________ .Q_~~!lj2_r:t~ ____________________________ _ 
_ .Il{!!!L_______________________________________ _A£!<:I_l<?_-_?.l~_?lj!l~ ________________ .I~~n~!!!2n~L _____________________ .Il(!t.Q~)Q~~_~nsl_g_?_~.Q!.1_~ __________ _ 
Be(II)-AI(III)- Ga(III)- Acidic «4) Transitional-oxidising Cations 

J~£mJt_______________________________________ _All<.?.UD_~ __ (~lQL ______________ .I~~n~j!j2n~!:.Q~!gj~lng _______ _ .Q_~~n!2n~ _______________________________ _ 
Si(IV)-Ge(IV) Alkaline (> 12) Transitional-oxidising Oxyanions 

--Re(IVy;=Mo(Tvj*=W(jvj-------------- -Acidic~iilkalin-e--------------- --Transitional=oxldislng------- --Re(VIY-Mo(Vi)=W(Vij"(:ixfdes---
f-=c~c-'c----------------------------·-----·-----.----+---------------------------------------- ------------------------------------------- __ ?r:!9._2~?..r:!l~r:!~ _______________________ _ 

Ti(lll) Acidic-alkaline Transitional-oxidisinQ Ti(lV) oxides 

Group 3: elements forming moderately unstable oxides (relatively reactive under a wide range of 
conditions) 
Ni(II)-Co(lI) Acidic-neutral «8) Transitional-oxidising Cations 

_____________________________________________________ _t!!g!:!!y_~l~?.li_~_~ __ (~_lgL ___ .I~~n~!!!2n~!:2~191~lr:!g _______ _ .Q_~~nl~n~ ______________________________ _ 
Cd(II}* -Zn(II)* -Mg(ll) Acidic-neutral «6-8) Transitional-oxidising Cations 

Alkaline (8-10) Transitional-oxidising Partial carbonate formation 
_____________________________________________________ _t!!gh!y_?~~?..~_~_~J~lgL ___ Ir~!l~i!!2!")~1:9_~iQl~~r:!g _______ _ .Q_~~~l~n~ _______________________________ _ 
Cu(II)* Acidic «6-8) Transitional-oxidising Cations 

Neutral -Alkaline Transitional Metal 
---------------------------------------------------- ---------------------------------------- -------------------------------------------- ---------------------------------------------------
Fe(II)*-Mn(11) Acidic Transitional-oxidising Cations 

Neutral-alkaline Transitional Fe(III)-Mn(lII) oxides and/or 
Fe(II)-Mn(lI) carbonates 

____________________________________________________ __~~~!!..?J_:?ll<.!!UD_~ ______________ .Q_~!gl~!r:!g_~2n~ __________________ .£~{!lD.:~r:!{!m __ 2~L~_~_!:? _______________ _ 
TI{I)* Acidic-alkaline Transitional TI(I) cations 

_____________________________________________________ _~~~<:I_L<?:_?l~_?..UD_~ _________________ Q_~19!~!~9 _____________________________ I:t(!!!t.Q_~19~ ______________________________ _ 
Ca(II)-Sr(II)-Pb(II)* Strongly acidic «4) Transitional-oxidising Cations 

Acidic-neutral Transitional-oxidising Sulphates 

--Sa("lI)------------------------------------------ -~~~~~~f~~~~~-~------------- -t~~~;l~i~~~~=~~l~i~i~~------- --~~rg~~~!g§------------------------------
Group 4: Elements forming unstable oxides (reactive under most natural conditions) 

_-'~!~~!LI!1.~!~!~___________________________ _~~~<:I_L<?:_?l~_?..UD_~ ________________ .I~~n~!!!2~~!:.Q!lgl~!r:!g _________ g~!J2D_~ ____________________________________ _ 
__ ~@l:!:.c~O_:~~t'{}:_~l'!.I.L___________ _A~~<:IJ.<?.:?..l~_?..~_r:'_I? ______________ .Ir~n~i!!2n~!:~~!gl~lr:!g ________ g_~~nj2_r:t~ _______________________________ _ 

--~~(~~)l}§~fif~U:YJ{Y.U---------------- -~~}~}~~!H~-~~~~--------------- -t~~~;m~~~~:~~l~l~f~~------- --~~~)~~g(V)-oxides-----------------
"elements form stable sulphide minerals under non-oxidising (reducing) conditions 
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3.3 Summary and concluding remarks 

As all solid wastes produced by the mineral-based resource industries originate from naturally occurring 

mineral deposits, addressing current data gaps and inconsistencies pertaining to the chemical 

compositions of such deposits, particularly in terms of trace to minor elements, is a prerequisite to the 

reliable prediction of the key characteristics of solid mineral wastes on the basis of their origins and 

source. 

The specific aim of this chapter was to develop a fundamental understanding of the key mechanisms 

and parameters controlling the distribution behaviour of elements, and groups thereof, within naturally. 

occurring mineral deposits. This was done by combining the fundamental principles of mineralogy, 

geochemistry, as well as basic inorganic chemistry. On this basis, key criteria for estimating element 

distribution behaviour during formation of ore deposits have been identified, and models for predicting 

element associations as a function of these criteria established. The key qualitative information 

generated through this study, in terms of addreSSing data gaps and inconsistencies pertaining to the 

chemical compositions of are deposits, is summarised in Figure 3.11. 

Methodological guidelines for the practical application of this information in predicting element 

enrichment factors and concentrations within feed ores (and other mineral resource-based industry 

operation streams) are provided in Chapter 5. Such application is subsequently demonstrated for the 

case of porphyry-type copper sulphide ores within Chapter 6. 
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Flgu,e 3.11, Summary of ele'ttenl dlStrlt>utlOll t>ehavlOU' and association. w,jtlio mloeral depOSits 
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Appendix 3.1: Description of major mineral deposits 

Bulk mineral and chemical compositions of magmatic deposits: Igneous rocks 

Deposit type Mineral compositions Bulk chemical composition (%) 

Ultra basic and basic Major minerals Si02< 50 
igneous rocks: 

MgO: 10-50 Mg and/or iron rich silicate, comprising mainly 
Dunite, Periodite, olivine's and pyroxenes: FeO: 5-10 
Pyroxenite, Kimberlite, Fosterite: Mg22Si04 CaO: 10 Gabbro, Basalt 

Fayalite: Fe2Si04 A1203: 2-12 

Diopside: CaMgSi20s Na20 +K20: <10 

Enstatite: MgSi03 Ti02: <3 

Minor/associated minerals 

Magnetite: Fe304 

Chromite: FeCr204 

ilmenite FeTi03 

Apatitie: Cas(P04h 

Alkaline (calc-alkaline) Major minerals <50 Si02< 60 
igneous rocks Mainly Ca-rich plagioclase minerals such as A120 3 15-20 

Andesite, Diorite, Anorthite: CaAl2Si20a CaO 5-15 
Monzanite 

Stilbite: CaNa2~AI2Si17018 MgO: <10 

Minor/associated minerals Na20 +K20: <5 

Magnetite: Fe304 

Apatitie: CaS(P04)3 

Acidic igneous rocks Major minerals Si02> 60 

Granite, Rhyolite 
Alkali and AI rich silicates: AI203 :15 

K and Na -feldspars: Na20 +K20: 10 

Albite: NaAISi03 CaO<5 

Orthoclase: KAISbOa MgO<1 

Quartz (Si02) FeO<5 

Minor/associated minerals 

Magnetite: Fe304 

Apatitie: Ca5(P04h 

Zircon: ZrSi04 

Sphene: CaTi(Si04) 
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Appendix 3.1 

Bulk mineral and chemical compositions of magmatic deposits: Pegmatite rocks 

Deposit type Mineral compositions 

Pegmatite deposits Major minerals 

K-feldspars: 

Orthoclase: KAISi30 s 

Muscovite: KAI3SbOlO(OHh 

Quartz 

Minor/associated minerals 

Apatite Ca5(P04h 

Monazite CeP04 

Cassiterite: Sn02 

Wolframite/Scheelite: (Fe,Mn)WOJCaW04 

Molybdenite: MoS2 
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Appendix 3,1 

Mineral associations of hydrothormel deposits 
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Appendix 3.1 

Mineral associations of hydrothermal deposits continued 

Element MinerAI HydlolhNrn,l.clejxlSlt closs _ 

; ;;;;;-____________ j;~~::'"::":':':m:"~'::;· .. :Mc::,,:':":':' :':':' .. :I .;;:,:,:":':':m:"~';;;, 
Quartz (SiO,) 

s, Adularia (KAISrO,) 

I 
f---+---- .... I 

FI\Jorite leaF,) 

~ _____ l'"''l'''- a atrte\ I 

w Woltr~mite ((Fe. Mn)WO,) 

Ga (Mg) 

Scheelrte (C'~WO~)-.;:::~~~~~~~~~;.. ____ ~ _____ 1 
Ankerite (CaIFe,Mg,M:l)(CO,J,) I I 
Calcite iCaCO,) ~ ............ -+ ...... _~ .. ~ .............. , 

I i Doklmt" (CaMU(CO,),) 

" ~_J-----I (scheolito, fluorite) 

r---+--
Mn Rhodocrosito W'lCO,) 

Tourmaline 
I'-;a F e:Al, i llO, \ 51 ,0 1. i ° HI , 

I Uranillite (UO,) 
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Sedimentary deposits and their bulk chemical compositions 

Deposit :y::>e 

Shalos 

Limestone 

Sanootone ~ior minerals 

Quartz 

Clays 

Major elements 

Si02~~ K~ Na,Ca AI 

Associated min"ra/s Associated elements 

Calcite Ti, Zr, B, Fe, V, U, 

Ti-minerals Cu. Pb 

Zircoo 

tourmalir,e 

5ulC,:-hide minera~ 
'--------j,=---+_.-
I QUWll Si, Fe 

Appendix 3.1 
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Appendix 3.1 

Sedimentary deposits and their bulk chemical compositions continued ..... 

Deposit type Mineral composition Element composition comments 

Oxides: Often amorphous 

Fe Laterites Hematite Fe and capable of 
adsorbing other 

Goethite minerals and 
elements 

Aluminium Bauxites Gibbsite AI 

Bohemite 

Diaspore 

Manganese oxides Mn 

Evaporites Halite Na, CI, Ca, K 
Sulphates 

Dolomite 

Phosphates 

Soils Clays AI, Si, alkaline earth 
Quartz metals 

Organic materials 
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Appendix 3.2 

Appendix 3.2: Typical reactions involved in the weathering and 

sedimentation of bulk mineral compounds 

Primary weathering reactions 

Acid hydrolysis (neutralising reactions) 

Silicate minerals 

SMg2Si04 + 2H20+ SH+ ~ 2Mg3(OH)4Si20S+H4Si04 +4Mg2+ 
Forsterite Serpentine 

4Mg2Si04 + sW + CO2 ~ Mg3(OHMSi401Q) + SMg2+ + 3H20 + COa 2-

Forsterite Talc 

Fe2Si04 + 4H+ ~ 2Fe2+ + H4Si04 
Fayalite 

2KAISi30 S + 9H20 + 2W ~ 2K+ + AI2Si20S(OH)4 + 4H4Si04 
K-feldspar Kaolinite 

3KAISi30 S + CO2 + 13H20 ~2K+ + KAbSbOlO(OHh + 6H4Si04 + cot 
K-feJdspar Muscovite 

KMg1.sFe1.sAISi301O(OH)2 + 1 oW -t K+ + A13+ + t Mg2+ + t Fe2+ + 3H4Si04 
Biotite 

NaAISi30 S + 4H20 + 4H+ -t Na+ + A13+ + 3H4Si04 
Albite 

CaAI2SbOs + SH+ -t Ca2+ + 2A13+ + 3H4Si04 
Anorthite 

Carbonate minerals (6.S < pH < 10) 

CaC03 + H+ -t Ca2+ + HC03-

Calcite 

(CaMg)o.sC03 + H+ -t 0.SCa2+ + 0.5Mg2+ + HC03' 

Dolomite 

FeC03 + H+ -t Fe2+ + HC03-

Siderite 

(CaFe)osC03 + W -t O.5Ca2+ + 0.5Fe2+ + HC03' 

Ankerite 

Oxides 
CaO + 2H+ +-+ Ca2+ + H20 
Lime 

Fe304 + sW ~Fe2+ + 2Fe3+ + 4H20 
Magnetite 

Fe203 + 6H+ ~ 2Fe3+ + 3H20 
Haematite 

so 
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Primary weathering reactions continued ...... 

Acid generating reactions 

Oxidative dissolution of sulphide minerals 

FeS2 + 3.502 + H20 ~ Fe2+ + 2S04
2' + 2H+ 

Pyrite 

Carbon dioxide dissolution and dissociation 

CO2 + H20 ~ H2C03 ~ W + HC03' ~ 2H+ + cot 

Secondary weathering reactions: 

Acid hydrolysis (neutralising reactions) 

Mg3(OH)4Si20S + 5H+ ---+3Mg2+ + 2H4Si04 + OH' 
Serpentine 

Mg3(OHMSi40 lO) + 4H20+ 6W ---+ 3Mg2+ + 4H4Si04 
Talc 

AI2Si20s(OH)4 + 5H+ ---+ 2AI 3+ + 2H4Si04 + OH' 
Kaolinite 

KAI2[AISi30 lOHOHh + 1 OH+ -7 K+ + 3A13+ + 3H4Si04 

Muscovite 

2Fe2+ + 0.502 + 2H+ ~ 2Fe3+ + H2O 

Secondary sedimentation reactions 

H4Si04 ---+ Si02 + 2 H20 
Quartz 

Fe3+ +3 H20 ---+ Fe(OH)s + 3W 

Oxidation reactions 

Sedimentation Reactions 

Fe(l/I) hydroxides and oxyhydroxides (goethite, haematite) 

A13+ + 30H' ---+ AI(OH)s 
AI(lI/I) hydroxides and oxyhydroxides (gibbsite/bohemite) 

M2+ + OH' ---+ M(OHh 
Divalent metal hydroxides and oxyhydroxides (Ca, Mn) 

M2+ + cot ---+ MC03 

Divalent metal carbonates (Ca, Mg, Fe, Mn) 

M2+ + sot ---+ MS04 
Divalent metal sulphates (Ca, Ba) 
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" .. . if the dynamics of metallurgical reactors are not understood, sustainability at a bigger scale remains 

a myth" Reuter et ai, 2003 
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4 

The Beneficiation of Ores: Establishing the Primary 

Source of Solid Mineral Wastes 

Due to the complex nature of ore bodies, systems for the primary processing of mineral resources and 

the associated material flows are themselves inherently complex, and generally comprised of multiple 

processing stages, each with a number of possible unit operations and output streams (see Figure 4.1). 

As the targeted metal in any ore deposit is present in relatively small quantities, co-existent with a 

number of other constituents, the non-product outputs from the primary mineral-based resource 

industries are generally voluminous, with extremely variable and complex compositions. For any 

specific ore body (feed material), the distribution of ore components, and hence the compositions of 

each waste output stream, will be profoundly and directly influenced by the individual unit process 

operations, each of which is dictated by a set of conditions relating to technological performance on a 

reactor level. Apart from chemical compositions, the techniques and associated operating parameters 

employed for the extraction and beneficiation of ore deposits will also have an influence on other key 

waste characteristics, such as particle size, porosity and moisture content. 

The mining and primary beneficiation of mineral resources, and in some cases the environmental 

aspects thereof, has been reviewed by a number of authors (e.g. Bridge, 2000; Canterford, 1985; Flett 

et ai, 1996; Habashi, 1982; Hayes, 1985; Kelly & Spottiswood, 1982; Mitchell, 2000; Moore, 1990; 

Roberts et ai, 1971; Rosenqvist, 1983; Rubenstein & Barsky, 2002; UNIDO, 1987; Warhurst, 2000; 

Weis, 1985; Wills, 1997). These reviews affirm that the processing routes and technologies, and by 

implication the characteristics and quantities of waste outputs, will vary according to the characteristics 

of the ore deposit. Characteristics of particular relevance include grade, mode of occurrence (form and 

distribution) and grain size of the valuable or targeted constituents, as well as the nature of major 

impurities from which the valuables must be separated. 
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Chapter 4 

Figu .... 4.2: Typical mining and b"n"ficiation flow.heet for the primary metal ",.ourc" Industry 

Accordn g to average Industry figures reported by Warhurst (20(){)). 42'% oj the total mine<.:! material is 

typically rejected in the form of waste rock durng mining; a lurther 52'0'; i" discarcle<.:f in the form of 

tailing" dur" g concentration of the run-oj-mine are; ",,-hilst metallurgical extraction typically resu ts in the 

rejection of an additior.al 4% in the lorm of various solid waste type" (furnace slags, flue dusts. leach 

residues arld/or etlluent arid wastewater treatment sludges), Whilst the ,hare of tne ore recuvered as 

proouct will vary with grade. un average the valuable compOlle~ts typcally account lor OIlly 2'0/0 oj the 

origillal mi~('(j tonnage, 

Due to their releV8nce In torms of toc:1n1cal arid economic criteria such as proolXOt quality and 

operational throLJ<j1put, the dlstlibution b<Jhaviour of tile targeted metal and major ore compunents 

wr:ng extraction and subst'<)uoot boneilClation is generally fairly well understood. and indeed in tne 

process of ooll1g normed into metal accounting systems (soo current stwies by Deglon & Chakraborty. 

2(06)- Data gaps and Inconsistoocies pertaining to these are components can. l or t~e most part, be 

adequately addressed OIl the bas.s 01 meanlllgful qeneralisations and sm~e mass balal1Ce 

ca k:; ulatioos_ In contrast. the react;';" mec.~ar.isms and parameters co~trolli~g tho dlstnbutlOl1 of minor 

and trace elements Wrir.g processlr.g are generally less well uriderstood. Address;ng data gaps and 

deficierrcies in term" ct t:,ese ore componer.ts w',11 t"us require roliable predictions of t~oir d:stributior.s. 

basEd on a fundamental understandng of their chem:cal behav:our v~tr; n reactor units. It :s t~:s 

lI1dorstandn g that this c~apt'" of t~e thesis ams to address. by means uf a fll1damental assessment 

of the relationship between processing tecrl10logie5. particularly in te.-ms of t~e ,eactor ~ariab,e" arid 

oporat;ng parar-rwters, and the characteristic" of the waste for eac~ of t~e VarKlu" processing stages in 

the ore·to-mEtal value chain (Sections 4.1- 4_3) 
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Chapter 4 

Figure 4_3 illustrates how the I~tldamental information and krtOv.1ooye can \xl roconeilGd with availblo 

emp;r"al data to Lltlmat9ly generate a comprehensrve inventory of process outputs as a funetion of 

feed ore characteristics and processing options 

I 
Inpul d."" kn<>Wll>¥ 
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"'''''''''"'' ""0" II" ,,-;,;,'q _l""",t~,,-: '" ~'ocos, systom ch;>" 

Output d"'~: m ... ~ flow ditt. I", mli<;r Oro "","p",,,,nrs 

P,,,Med ,,,,,',,",'ir"bO","M d~trobu::= c/ mo." "'''HI "roJpo artl,,,,>,,,''''' 01.",,,,'" 
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'.; II; ,' . ore 0.,. "t>Ol.11 '" ",.,am, 

Output d~I~: Predicled cn.mic~1 cMrllCtoristics 01 "'~ /Jon olie/oJion strums 

H..-"."L 0.",-:<1""',·, '"car, "Hn~ [I""""" carccrtrat"" .., "","e'",,: ~ 
"''' "",·.tooi"t"" uUp'-,t ,tr"~"" 

- ._--
Figur~ 4.3: Generic procedural framework for predicting the c~mic. 1 characteristics of ore deposits and 

t.eneficiM",n streams 

Guidelines for tho sc>oction and appieatioo of the octual scientific tochni1u9s and r"wthods lor 

pmddng olemon! crstribution and cco::entration data ar8 provlJoo within Chapter 5 of :he thesIs 

Pr<>etical ap;Jl"at<>n in the case of the early OOnsficiation (extraction ,coneentraj'<>n -> "meltn g) of 

typcal porphyry-type copper sulph<Je oreS is demonstratGd in Chapters 7 and 8 

4.1 Mining operations 

Mining, or :he process of raw or .. extraction, forms the first processir>g stage in the commercial 

exploitation of all primary mineral reSources. and can t>e defined as the act of separatlrtg -he valuable 

mineral-ooar-.-,g ore \}o(jy from tho host rock lhrot>;Jh ph~"al extraction and cTushng, I~ broad terms 

:here are three types of mininy (mining tochnologres). vi7, s~.-face mining (incILSJi~g open pit, op9n cast. 

strip and alluvial min'ng). undsrgrourxf miriog ard solution min<ng_ Snlutloo min'"g, which involves 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4 

injection of a suitable leaching agent into a porous, permeable mineral deposit, is relatively limited in 

application, though its extension into heap leaching is growing in significance as an integrated 

mining/beneficiation technology. 

In order to gain access to the ore, underground and, in particular, surface mining entails the removal of 

large quantities of material, commonly referred to as waste rock, mine waste or overburden. In reality 

the distinction between ore (commonly referred to as run-of-mine (ROM) ore) and waste rock or 

overburden is an economic one, with material containing less than the cut-off grades being considered 

as waste, and disposed of on a waste dump. According to Thornton (1983), and consistent with the 

figures quoted by Warhurst (2000), 1 ton of run-ot-mine ore corresponds on average to 1 ton of waste 

rock. This figure can, however, vary quite substantially, with open pit mining of low- grade ores (for· 

example copper porphyry deposits) resulting in waste rock! run-of-mine are mass ratios of almost 2/1. 

Mining typically results in 90-95% recovery of the valuable or targeted element-bearing minerals, with 

waste rock comprising the majority of the host rock, as well as 5-10% of the valuable or targeted metal. 

The chemical and mineralogical compositions of the waste rock will thus be highly dependent on that of 

the ore deposit and, in particular, the host rock with which it is associated. In general waste rocks will 

be made up of crushed porous rocks comprised mainly of silicates, carbonates, oxides and/or 

sulphides of the major elements. 

4.2 Concentration of ROM ores 

In some cases the run-ot-mine are is suitable for direct marketing or for economic extraction of the 

valuable constituents by means of relatively inexpensive heap leach techniques. In the majority of 

cases, however, the run-of-mine ore needs to be separated further from the gangue in order to produce 

a product suitable for sale (in the case of industrial, non-metallic minerals) or further metallurgical 

processing (in the case of most metal-bearing minerals). 

Concentration, which is also referred to as mineral processing or initial beneficiation, can be detined as 

the separation of mineral phases by physical means (Le. through the use of processes that do not result 

in chemical changes to the mineral component of the ore). The primary objective at concentration 

processes is to separate the valuable commodity-bearing minerals from the non-valuable minerals, 

thereby producing a concentrate, which has a smaller volume but higher-grade than the ROM are, and 

a large volume discard tailings stream containing the majority of the gangue (non-valuable) minerals. In 

the case of complex ores, physical processing techniques are frequently also used to separate valuable 

minerals from each other. 

As illustrated in Figure 4.4, most mineral processing or concentration systems typically consist of three 

unit operations, viz. milling; followed by physical solid-solid separation of the liberated minerals; and 

finally dewatering for the recovery of water from both the concentrate and tailings outputs. 
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Run-of -mine ore 

Water --+ 1'--___ M...,.iI_lin_g ___ -'1 
1 Milled run-of-mine ore 

Reagents _-;~ Solid-solid separation 

Concentrate slurry 

Concentrate 

Sales/Next 
processing stage 

Tailings 

'--__ --...II I Disposal 

Figure 4.4: Hypothetical flowsheet of the concentration processing stage 

4.2.1 Milling operations 

Chapter 4 

The primary objective of milling (or comminution) is to reduce the size of the mineral particles so as to 

physically liberate the minerals from each other, prior to separation. The size at which adequate 

liberation is achieved will be dependent on the characteristics of the ore, and to a lesser extent on the 

phYSical separation processes. In the case of metallic mineral resources, particularly low-grade non­

ferrous metal deposits, it is normally necessary to grind the ore relatively finely (<<1 mm) in order to 

achieve acceptable recovery and concentration of the valuable constituents. 

4.2.2 Solid-solid separation 

Milling is generally followed by physical solid-solid separation of the liberated particles. A number of 

phYSical mineral processing or concentration methodologies and associated reactor technologies exist, 

the selection of which is mainly dependent on the physical and chemical differences between the 

minerals requiring separation. These technologies can be grouped according to their separation criteria, 

as indicated in Table 4.1. Figure 4.5 illustrates the particle size dependency of the commonly used 

concentration or mineral processing methods and technologies. 
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Tabl~ 4.1 : Concenlralion methodologies and lechnologies as " funclion ot solid-solid .cp"rolion cril~ria 

Separation criteria Meth[)d type Com moo wpnrator 
iOchoo[)giB5 

Situ onr, CI~ssifK:atlon Semens; liqUHi ~ycIGtX>s; 

hyd'oclassifyers, centrifuges 

Density only Heavy mndium separation 
._-

Size and density 
i 

G'avlty separation Jigs; shaking tables spirals 

---_._-

Magnet;;; susceptibility Ma[JletK: separattOn Dry sepa'aws: WOI 
sopa'atO's 

.. ----- - . -

Eloclric conductiv',ty Eloctrostatlc soparat.on 

i S~rface ch~mis-t~ Fiotatioo Frotr flolat ion 
-- ._-

Classification: L '"" , 

"""'~ I I , 

I ~&. classlfio," 

II __ I i , , , , 
, , 
, , 

I 
, 

Gravity separation , , , , 
I 

, 
, , , , , , 
, , 

• 
~ 

Dry tabl~" I 
M. I I 

• 

, 
, , , 

I , 
I , , , 

Ffoth flotation : 
0_001 001 e., , e we 

Particle Si7e (mm) 
.. 

Figum 4.5: Porticie .iz~ ,"n<;le for v",iou. conc~ntration melhodologie. & l~ch""logi~. (Haye •• 1985; 

Robert. ~t ", 1971) 

.. 
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commodity) of the mineral processing operations are typically between 90 and 95%, Hayes (1985) 

reports that between 20 and 30% of the contained value may be lost during minerai separation in the 

case of complex polymetalliC sulphide ores. As in the case of mining, the mass flows during 

concentration will be largely dependent on the grade of the run-of-mine are. in the case of low-grade 

metallic ores, particularly non-ferrous ores, tailings typically account for 90% of the run-of-mine ore, 

although Wills (1997) reports figures of up to 98% - corresponding to a concentration factor of 50. In 

contrast, the tailings from higher grade non-metallic ores generally account for only 50% of the are 

(Wills, 1997). In general tailings from the concentration process will consist mainly of gangue (including 

host rock and non-valuable ore minerals), as well as minor quantities of valuable or targeted minerals. 

As in the case of the waste rock, the chemical compositions of the tailings will be dependent largely on 

the characteristics of the parent ore, with the distribution of ore constituents for any particular 

concentration process route and technology being dictated mainly by their chemical form and liberation 

characteristics. 

4.2.3 Dewatering 

The outputs from solid-solid separation are generally in the form of relatively dilute slurries, typically 

containing between 50 and 80 % by mass of water, and require dewatering (or solid-liquid separation) in 

order to recover and recycle valuable water resources. Dewatering techniques can be classified into 

three main technology groups, viz. gravity separation or sedimentation, filtration and thermal drying. 

The most common of the gravity separation or sedimentation techniques, which make use of the 

differences in the relative densities of solid and liquids, is the cylindrical continuous thickener. Gravity 

separation is particularly suitable for the dewatering of dilute slurries (> 55% moisture) containing 

relatively fine solids (0.01-1 mm), such as those produced during concentration, and typically reduces 

the water content to between 55 and 65%. 

The most commonly used filtration technique is the continuous rotary vacuum filter. Filtration techniques 

are normally applied to reduce the water content in slurries from 30-60% to between 10% and 20%, and 

are thus more suitable for dewatering slurries arising from hydrometallurgical extraction operations (see 

Section 4.3) rather than the concentration processing stages. 

Thermal drying is normally only used to reduce the moisture content of sludges from between 10 and 

25% moisture, to approximately 5% or less, and is generally only applied if relatively dry solids are 

required for packaging or handling purposes. 
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4.3 Metallurgical extraction 

In the case of non-metal resources, the outputs from the concentration processing stage are frequently 

final products. Concentrates produced from relatively low-grade metal resources are, however, normally 

intermediate products, requiring further treatment by chemical means in order to produce a sufficiently 

pure, and hence saleable, product. Conversely, with the exception of heap or dump leaching, most 

conventional extractive metallurgy process techniques require prior concentration of the low-grade ores. 

Chemical extraction, frequently referred to as extractive metallurgy, can be subdivided into two main 

disciplines, namely hydrometallurgy (entailing the treatment of ores or concentrates wi~h aqueous. 

solutions) and pyrometallurgy (entailing the treatment of concentrates by thermal means). A third 

discipline, electrometallurgy, is relatively limited in the mining and metal processing sector and hence is 

not considered here. 

4.3.1 Hydrometallurgical extraction 

A typical processing flowsheet, as presented in Figure 4.6, indicates that hydrometallurgical processes 

are comprised of a number of unit operations, the main ones being leaching and dewatering; followed 

by purification of the pregnant leach solution; and finally recovery of the metal product from the purified 

solution. 

Leaching and liquid-solid separation 

Leaching forms the first unit operation in hydrometallurgical processing and is usually performed with a 

view to selective transformation of valuable or targeted commodity components into a dissolved state 

for downstream recovery or removal of deleterious impurities. Leaching operations can be divided into 

two main techniques including dump or heap leaching (applied to crushed low-grade run-of-mine ores) 

and agitated vat leaching (normally applied to milled high-grade ores or concentrates). Vat leaching 

techniques can be further divided into ambient pressure leaching (including chemical and bacterial), and 

high pressure leaching in autoclaves. In many cases the ores or concentrates may be pre-treated using 

high temperature techniques (such as roasting or calcination) to modify the solubility of the valuable 

and/or non-valuable components, thereby improving the selectivity of the leaching process. 

Regardless of the leach technique, the main reaction mechanisms and related parameters controlling 

distribution of elements during leaching operations include: 

• hydrolysis, which is largely influenced by pH; and/or 

• complexation, which is mainly influenced by the nature of the complexing ions or leach reagents; 

andlor 

• oxidation, which is influenced by Eh (redox potential); and/or 
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• precipitation, which is controlled by pH and, to some extent complexing ions /Iixiviants. 

Feed ore/concentrate 

Water/ 
reagents Leaching 

• vat 
• heap/dump 

1-----. Leach residue (VAT leaching) 
Spent ore (heap/dump leaching) 

Impure pregnant 
liquor 

Solution purification 

Reag~ • ion exchange 
1----. Effluent liquor (raffinate) 

Reagents 
---+ 

• solvent extraction 
• carbon adsorption 

Pure pregnant 
liquor 

Metal recovery 

• preCipitation 
• crystallisation 
• cementation 
• chemical reduction 
• electrowinning 

Metal product 

S imesl Sludges 

Effluent liquor 
(barren or spent liquor) 

Figure 4.6: Hypothetical flowsheet of the hydrometallurgical processing stage 

Leaching can be carried out using a wide variety of leach reagents (water, acids, alkalis and aqueous 

salts) and under a wide range of pH (1-14) and Eh (reducing-oxidising) conditions, the selection of 

which will be dependent on the characteristics, particularly mineralogical composition, of the feed 

material. For the most part, hydrometallurgical leaching reactions are carried out at near ambient 

temperature « 25-250°C) and pressure « 4 MPa) conditions, with the effect of higher temperature and 

pressure being mainly to enhance leach kinetics. In terms of Eh-pH conditions, leaching is mostly 

carried out under weakly acidic (pH of 2-4) and weakly oxidising conditions, with acids, particularly 

sulphuric acid, being the most common leach reagent. 

Leach operation outputs include leach liquor, containing the majority (90-98%) of the metal value(s) 

together with co-leached impurities, and a solid residue, containing the bulk of the unwanted or sub­

economic feed material as well as traces (2-10%) of the metal values. These two output streams are 

separated using conventional dewatering techniques, mainly filtration (see previous sub-section), prior 

to further processing6
. 

6Where further processing includes purification of the leach liquor AND disposal of the residue 
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The majority of the feed material (crushed ROM ore or milled concentrate) thus exits the 

hydrometallurgical circuit in the form of finely divided wet leach residue, in the case of vat leaching, or 

crushed spent ore in the case of heap or dump leaching. These residues! spent ores have traditionally 

been considered to pose a relatively low risk to the environment and have been land disposed, in many 

cases without any form of pre-treatment. The potential for prolonged environmental pollution and 

degradation as a result of discharge of contaminated leachate from leach residue deposits, particularly 

those from the finely divided and hence highly reactive vat leach residues is, however, becoming 

increasingly recognised. In many cases, operators are being forced to consider further treatment for 

safe disposal, or further processing for by-product recovery. Although the latter option has traditionally 

been considered uneconomical, the economic benefits of product-from-waste recovery, in particular, 

are likely to grow in importance as costs associated with disposal and associated legal liability increase.­

Furthermore, as ore deposits become increasingly low-grade and complex, it is becoming increasingly 

important for the industries to enhance their multi-product capabilities in order to maximize added value. 

Solution purification and metal recovery 

Leaching and liquid/solid separation is followed by solution purification to further separate leached 

impurities from the valuable elements, prior to their recovery from the pregnant leach liquor. Various 

technologies are used for both solution purification and metal recovery, the most common of which are 

listed in Figure 4.6. 

Solution purification and metal recovery operations give rise to slimes and sludges, which accumulate in 

solvent extraction/electrowinning tanks, as well as effluent liquors containing the co-leached impurities. 

Slimes and sludges are normally semi-gelatinous materials containing relatively high levels of valuable 

metals and are thus treated further for metal recovery, rather than being disposed of. Similarly, the 

stringent standards regarding effluent disposal and water usage dictate that these liquors be treated to 

remove the bulk of the impurities and produce liquor which is of a suitable quality for recycling purposes. 

Effluent treatment processes, of which neutralisation is the most common, frequently result in the 

formation of secondary or "indirect" solid wastes. Although considerably smaller in volume than leach 

residues, effluent or wastewater treatment residues are mostly finely sized, difficult to filter and handle, 

and generally have higher metal values than leach residues. As such, these residues can pose an even 

greater long-term post-disposal risk and are frequently classified as hazardous, requirfng disposal in 

specially designed "hazardous" waste sites. The hazardous nature, coupled with the relatively small 

volumes and high metal content of the effluent purification residues, will, in many cases, render 

treatment of these residues economically viable. 
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4.3.2 Pyrometallurgical extraction 

Pyrometallurgical processing is generally limited to concentrate feeds, and normally consists of two 

main unit operations, viz. thermal processing and refining (see Figure 4.7). 

Ore concentrate 

Reagents -+ Thermal 
processing 

Water/ 
reagents 

Impure metal/metal alloy 

Metal 
refining 

Slimes/ 
sludges 

Effluent 
liquor 

Furnace residues 
.. Flue dusts 
" Slags 

Furnace off-gases 

Sales 
(feed to other 

commodity value chain) 

Pure metal 
/metal alloy 

Figure 4.7: General flowsheet of the pyrometallurgical processing stage 

Thermal processing 

Thermal treatment processes can be sub-divided into smelting and non-smelting thermal treatment 

processes. 

"Low" temperature (6000 e-1100°C) non-smelting thermal processes, such as gas phase separations 

(fuming) or chemical reactions in the solid phase (roasting, sintering, calcining), are normally used as 

pre-treatment techniques to render feed materials more amenable to subsequent processing operations 

such as leaching, smelting or, in some cases, even physical processing. 

Smelting processes are commonly used for the separation of metal values from non-valuable 

components in metal-bearing ore concentrates, and utilise considerably higher temperatures than non­

smelting processes (>11 aaoe, and up to soaaoe in the case of plasma-arc smelting). Smelting 

essentially entails the separation of immiscible, molten liquid phases, in which the metal values occur in 

the form of molten mattes, metals, metal alloys or metal salts, and the unwanted components in the 

form of a molten slag and/or off-gas. 

Apart from volatile gases, the smelter off-gases generally contain significant quantities of fine grained 

solid material, blown through and out of the furnace before it can settle in the matte and slag phases, as 
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well as ore components which are volatile under the smelting conditions. Key reactions and related 

parameters governing the distribution behaviour of elements during high temperature smelting, include: 

• oxidation/reduction reactions, which are largely dependent on the Eh conditions as controlled 

through the addition of organic reductants or oxidants such as oxygen. 

• volatilisation, which is dependent on the partial pressures of the stable forms of the elements at the 

smelting temperatures 

• liquid-liquid separation, which is based on viscosity differences, and is dependent on the stable 

form (oxide, metals or sulphides) of the elements under high temperature smelting conditions, and 

the nature of the fluxes added. The viscosities of molten sulphides (mattes) and molten salts are of 

the same order of magnitudes as those of liquid metals. Oxide melts display a much more complex 

behavior, their viscosities being highly dependent on metal compositions and temperature, with the 

viscosity increasing as the Si02 content increases. 

The most common smelting operation in the metallurgical industry entails the reduction of metal oxides 

to metals, metal carbides and/or metal alloys using carbon (in the form of coke or char) or carbon 

monoxide as reducing agents. Reductive smelting using carbon sources is, however, not suitable for the 

treatment of sulphide compounds, as sulphur anions do not form stable compounds with carbon. Ores 

or ore concentrates containing valuable elements in the form of sulphides are thus either calcined or 

roasted prior to smelting, or smelted directly in matte smelting operations. Matte smelting is carried out 

in the presence of oxygen (or air) and a silica flux, to produce a sulphide matte phase containing the 

majority of the valuable or targeted elements, and a molten slag, containing the majority of the gangue. 

As in the case of physical and hydrometallurgical separations, separation of the valuable and non­

valuable elements is never complete, the efficiency of smelting processes typically varying between 

95% and 98%. The majority of the solid wastes from pyrometallurgical processes are slags, consisting 

predominantly of gangue fused with a flux. Most slags are impure silicate glasses in which silica is 

combined with basic (CaO, MgO) and amphoteric oxides (A120 3, Fe203) to form silicates, mixture of 

which have relatively low melting points. Limestone is used as a flux for acid gangue and silica as a flux 

for basic gangue. 

Apart from slags, pyrometallurgical processes also produce gases and particulate soJids, recovered 

from the gas phase by means of gas-solid separators (such as cyclones, bag filters, scrubbers, venturi 

scrubbers and electrostatic precipitators). Recycling of primary smelter wastes, such as bag filter dusts 

and scrubber sludges, via complex in-plant and interplant transfer is common within the 

pyrometallurgical industry. 

Metal refining 

Liquid-liquid smelters are not very selective in impurity removal, and in most cases the outputs from 

smelting, including metal-bearing smelter products, slag and dusts, will need further processing to 

produce marketable products. Metal outputs from smelting operations are frequently purified 
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electrochemically, with the insoluble impurities reporting to the slimes and the soluble impurities to the 

electrolyte solution. As in the case of hydrometallurgical processing, the slimes generally contain high 

levels of valuable metals and are treated further for metal recovery. Soluble impurities are commonly 

removed from the electrolyte by continuously bleeding part of the electrolyte solution through a 

purification circuit, which produces a solid phase containing the unwanted impurities. 

4.4 Summary and concluding remarks 

Both the selection of ore extraction and beneficiation processes, and the characteristics of the waste 

outputs generated, are highly dependent on the characteristics of the ore deposit, particula.rly in terms Of 

element concentration and mode of occurrence (form and distribution). For any specific ore body, 

however, the distribution of ore components, and hence the compositions of each waste output stream, 

will be directly influenced by the individual unit process operations, each of which is dictated by a set of 

conditions relating to technological performance on a reactor level. 

In line with this, the specific aim of this chapter of the thesis was to review the relationship between the 

various unit processing operations and the generic characteristics of the waste outputs typical of the 

primary mineral based resource industries, and to identify the key factors, in terms of technology 

variables and parameters, influencing such. The information derived from this review and assessment is 

summarised in Table 4.2. 

As demonstrated within Chapter 5 of the thesis, this qualitative information plays an important role in 

addressing data gaps and inconsistencies pertaining to available process inventory data and, ultimately, 

in predicting key environmental characteristics of solid waste outputs. More specifically, this information 

serves to assist in the definition of the system boundaries and relevant unit processes; collection of 

appropriate process data and background information; and the meaningful selection and application of 

scientific techniques and methods for predicting element deportment during ore beneficiation. 

Application of the fundamental understanding and criteria developed within this particular chapter for 

predicting element distribution behaviour during ore beneficiation is demonstrated for the case of copper 

sulphide ore concentration in Chapter 6 of the thesis. Chapter 8 demonstrates application for the 

subsequent pyrometallurgical extraction of copper sulphide concentrates, as a function of smelter 

technology choices. 
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Table 4.2: Summary of generic solid waste characteristics and influencing factors as a function of process 

unit operations and related operating parameters 

Waste type 

Waste rock or 
overburden 

Tailings 

Generic characteristics 

Mining/Ore extraction 

I 
Crushed porous rocks comprised of gangue 
minerals as major components. 

Concentration 

Finely ground (typically < 1 mm) and wet (typically 
55-65% moisture). Comprised mainly of gangue 
minerals (including host rock and sub-economic 
ore-bearing minerals) 

Hydrometallurgical extraction 

Vat leach residues Finely divided & wet (typically 10-20% moisture) 

Heap/dump leach 
residues 

Effluent treatment 
residues 

Metal recovery 
slimes! sludges 

Smelter slags 

Smelter flue dusts 

Metal refining 
effluent treatment 
residues & slimes 

Crushed ore similar in composition to feed ore, 
with traces of residual leach reagent 

Finely divided synthetic salts, frequently 
amorphous (typically 20-50% moisture content). 
Normally relatively small volumes, but high 
metal/metalloid content in comparison to leach 
residues 

Semi-gelatinous colloids of suspended material, 
normally with high metal/metalloid content. 
Relatively small volume, but high metal/metalloid 
content 

Pyrometallurgical extraction 

Large particles of glassy material, comprised 
mainly of oxides and silicates of major elements 
(Ca, Mg, AI, Fe), with isomorphic trace-minor 
metals. Physical characteristics such as particle 
size & porosity dependent on cooling methods 

Fine particles (0.5 -10pm). Generally comprised 
of significant quantities of oxidized slag and feed 
ore, with fine « 1 pm) condensed volatiles on 
particle surfaces. Can be dry to wet (up to 65% 
water). Mass flows dependent on extent of solids 
blow-through which is related to furnace 
technology and feed particle size 

As for hydrometallurgical effluent treatment 
residues 
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Process related factors 
influencing element distribution 

lore characteristics 

Classification: grain size; Gravity 
separation: density and size; 
Heavy medium separation: 
density; Magnetic separation: 
magnetic susceptibility; 
Electrostatic separation: electric 
conductivity; Froth flotation: 
surface chemistry (wetability) 

Mobility of elements under 
leaching conditions, particularly 
pH, Eh and nature of the leachant 

Stable element forms and related 
viscosities as a function of 
smelting conditions, particularly 
temperature, redox conditions and 
additives (fluxes etc) 

Stable element forms and related 
volatility's as a function of 
smelting conditions, particular 
temperature and redox conditions 

As for hydrometallurgical effluent 
treatment residues 
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"The cornerstone in environmental assessment procedures is modelling of differences in inputs and 

outputs"Wenzel, 1999 
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A Generalised Methodology for Predicting Element 

Distribution 

Thus far, this thesis has developed a qualitative understanding of the key factors influencing element 

speciation and distribution behaviour across the ore formation ---+ ore extraction & beneficiation ---+ solid 

waste disposal ---+ leachate generation mechanistic chain. On this basis, generic protocols for 

addressing current data gaps and deficiencies pertaining to the chemical compositions of ore deposits 

and beneficiation input-output streams (Figure 4.3 in Chapter 4), and subsequently for screening final 

waste constituents in terms of relative environmental significance (Figures 2.9 and 2.10 in Chapter 2), 

have been proposed. This particular chapter is concerned with the methodological components of these 

procedural frameworks, which can be summarised in three main tasks, viz: 

Task 1: Collation and review of available and relevant empirical data and information for the system 

under consideration 

Task 2: Theoretical assessment of the distribution behaviour, associations and chemical properties of 

elements during ore formation, beneficiation and solid waste disposal, on the basis of 

fundamental chemical and thermodynamic principles 

Task 3: Reconciliation of available empirical and theoretical data to generate a comprehensive and 

quantitative list of input-output stream compositions and/or potential element distribution 

factors, which can be combined with mass flows to develop mass balance spreadsheets and, 

ultimately, screen and rank constituents in terms of environmental significance. 

As demonstrated in Figure 5.1, these tasks can be broken down further into a number of technical 

elements which are essentially the scientific techniques of obtaining, processing and presenting the 

required data and information. Each of these techniques can, furthermore, cover a wide range of 

scientific disciplines and even greater number of scientific methods, each with their own strengths, 

limitations and purposes. Whilst this chapter will include a brief overview of selected techniques and 

associated methods, a comprehensive review and assessment of all these techniques is beyond the 

scope of this thesis. The intention is rather to develop general guidelines in terms of the selection and 

application of appropriate scientific techniques and methods, and to provide some illustrative 
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exam~les by way of OOmonstration. As such this chapter provides the b.1sis for the case studies in 

Chapters 6 to 8, in which tho mothodobgicat tasks and associated tochnical elements are af:>ptied to 

de"ive data pertainng to oloment distrlbutk>n booaviours, input-output stream comfXJsitions and 

enviroomen:atr, s;gnificant wasto cha-actc"'sto::os for setected processes and operations associated with 

~r:mnry copPO" meallyoduc~ion 

Task 1 
Rovioll' and assessrroot of the system under 

conside'ation 

Output, 

• syste<:1 I\c,,>hem 

• Da:o~,e cI ,"";10010 p=",' q,ul,"nd oo'put, 
• Key epe<at"~ r=,me!er, tor lOt proc .... , .. 

• 
Task2 

Theoretical assessmoot of elerrent distr iJutlon 

( 

booaviour 

Projj.::ed j!o:riWk>n 100'e,, ler 170<.p o! 
",,,,,,,,,ed eleme<1t, a' ~ "".10'''' 

~~ 

T~sk3 

ReconciliatIOn of theo"ebcal predictions and empirical 

""" 
0011"'" 

c"",pr_"'''''' I,,, ct q<>YltM''''' r>'1\~"-<h*m".1 
~ Ik'" " Ci(',if>< ~Ion'",,' ""trbJl"" loct"" "".fD" " ... ~",·t '-"" pO<Oi""~' 

f*- • fl"',~ e=tructu 
• Cd""t"" cf ' .... ,om-ro',:ed 10:" 

",d i,forn",toon 

T ecM leO! 01 """'",. 
• CoIal;"" o! flXldarne,I"1 :\0." and 

,.,t""" al; "" 
• A,a!y>', & ""erpreht", 01 

o"pic"a! 10ta 
• ,.,.,plicat"" 01 t"""",,,",lu.1 

""""".1 pr'''-T~ , .. I -".".....'·1 
,,,,do.Y"y 

• PC"" <;"". tho<r-YXlyno'''' 
Ci'r.:lo'l"':J 

ToOhflio.lo"mo"" 
• Oualioti..e je", anoi)'>i, 

• ~.18" ""'"rIC'" C"k:tJ"'0n. 

Figure 5.1 : G."",ali5..o methoOological framework for f"edlctir>g d:lta aOO Inform.lion I"'rt"ining to 

element distrlbllt,ons, f"ocess inventories and so~d waste charact~ri.tic. 

5.1 Task 1: Review and assessment of the system under 
consideration 

An analysis of the system under conSideration is the first ste~ in the proposed methodology, and 

~e"haps a;so tho I'Cl{lst ;"-'portant. In particular. such an analysis se'ves to 

• de'no tho systerr bol.tldaries, as we:, as the cn't processes and key paramet",. Involved; 

• charactorise the relationship betweoo process inputs aOO outputs; 

• ·llake o>isting Information rro-e acceSSible and com parable; 

• ioontlfy CI."root data gaps arod deficiencieS in terllS of Ixlth availability and <luality 
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Th is task ossentialiy entails two techr koal components, I~ the first irstance the system 'IS "mapped" by 

means of a flowsheet which idertifies all relevanT procossos ami arranges them;" relation to ooe 

anolhor. This flowsheet serves as a prilCt>cal ad to Tho s(>(;ond it>(;lmkoal element i,e. colloctoo of all 

avallablo aCId releva~t data and n formation pertai ri ng to tho ioontiflod processes 

5.1.1 Flowshect construction 

Tho starting po'mt for the construction 01 a I'owshoot is to ostablisll tho system boundary enccrnpassmg 

all material flows ~nd main processes 01 relevar>ee to the specit'c study, On tho basis 01 the 

urderstarxlilg gained from th~ reviews in Chapters 2 to 4, the system bo...-xlary 01 relevance TO this 

STu<:iy (I.e, for predicting th~ key enviroomental characterist>cs 01 soM mireral wastes on The basis 01 

their origins arxl source) will encompass ore formation; ore extrilCtio~ arxl ber.elkoiation: disposal 01 

final solid wastes, ard leachate ger.eraTion as the main processing stages, The solid waste depos'lt is 

thus c~ntral to the sy~tem bourxlary, iliusTrared in FigLX~ 5,2, with links exten ci ~g upstream to the 

formaTion of Ore deposits (waste origins) am p:ocess tl g Thereof (waste source), and downstream to 

The lormat:on of ~nironmental emissions. In t r; ~ way the corventional ';crad e-to-gat~" system 

boundary lor describing mi~eral resource-based process operations is extended to inclLKIiJ The 

fOlmaTion of Ore deposits and the generation 01 contaminatoo leachate Irom soid waste d~posiTS as 

processl ng stages of key sigri ficance in terms 01 overall environmental perfo:marce, 

... 

I Ore formation I 

I Ore extrilCtion & oondc:ation I 
Solid waste disposal 

I Leachate generation -l 
Figure 5,2: System t>oundary for predicting koy onvironmontal ch.r.otori$tic$ 01 $Olid minor.1 w.$tO$ 

FLI1hor division 01 the main processes defines tho inplls aCId outplls across sub-processes Or 

iCld'lv'dual operatoos. W'h ko h require characterisation ir terms of mass and comporent Ilows, 

Discussions n previoos chapters have highlighted the complex and varied nat .... e 01 each 01 the mair 

processing stages depicted in F\;lure 5,2. part>cuiarly in terms or the vast number of indlvd ual 

operatoos ard the comple~ compositims of the associated irput-output streams, These compiexities 

are reflected by the hypothetical fiow~heet in Figure 5,3, which ir.cludes both the re'evant processing 

plant (in the case 01 ore extraction, Ole benef>ciatoo aCId waste management) ard geochem >cal (in the 

case 01 ore formatim and leachate generation) uri t processes 01 operations, 
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Figure 5.3: Hypotl1etlc~1 flowsl1eet of Utlll F>!"ocesses and Inventory streams requirIng cl1aracterlSatlon 

As pointed out by a number of other investiGators (ilclud ng Basson & Pe:rie, 2OOt; No~en. 200t; 

Stewart & Petrie, 20(6), it is important that the flowsheets representn g such complex systems Hre 

s~ruc~urerl n a manner which no~ only faG1ll~ates pred icti""s of relevant ;nven~ory flows, bu~ which also 

limits information requirements ~nrl streamlines ~he collection thereof, i.e. the flowsheet sOOulrl be as 

simple as possible but ~s compiex as necessary To this end. Stewar~ & Pe~rie (2006) have developed 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5 

a set of heuristics to guide the selection and aggregation of unit processes in the construction of 

flowsheets for various mineral industry sectors (i.e. consistent with system analysis on an industry, 

national and/or global level). These are based on criteria relating to common function, mass flow rate, 

hazardous nature of the waste, common waste generation and energy intensity. In terms of this 

particular study, however, the selection and aggregation of unit processes will be dictated mainly by 

their relevance in terms of their direct influence on the generation and chemical compositions of waste 

outputs. In this regard any unit operation not directly responsible for the generation and/or chemical 

composition of a waste output can generally be combined with upstream or downstream operations in a 

single unit. As an example, whilst wastes frequently exit a processing stage at the liquid/solid 

separation unit, it is the upstream processes (such as leaching or flotation) which are largely 

responsible for their generation and chemical composition. In such cases the liquid/solia separation" 

operations (e.g. thickening and filtration) can be combined with the relevant upstream operation in a 

single unit. This unit is often defined by the generating process (e.g. as "leaching" or ''flotation''). Milling 

prior to solid-solid separation is another example of an operation which does not playa key role in the 

generation or chemical compositions of waste outputs streams, and can thus be combined with the 

relevant downstream solid-solid separation unif. 

The application of these criteria is supported by the hypothetical flowsheet in Figure 5.3. 

5.1.2 Data collection 

The second technical component of this task entails the collection of available and relevant data and 

information to describe the relevant unit processes and inventory streams identified during construction 

of the system flowsheet. In line with the study objectives, two types of required information can be 

defined, viz: 

1. Stream flow information, including physio-chemical compositions and mass flows of the input-output 

streams 

2. Process performance information required to address data gaps pertaining to stream flow 

information, including: 

• extent of input stream conversions and/or distributions during proceSSing, also re,ferred to as 

"reactor efficiencies" or "conversion factors" (see discussions by Reuter, 1998 ; Stewart and 

Petrie, 2006), 

• measures of the key operating parameters governing such (temperature, pH, reagents, redox 

potential (Eh), oxygen partial pressure, etc) 

7 In the case of a more holistic performance evaluation, milling and flotation would need to be identified 

separately on the basis of their relative energy intensities 
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These information req "rements and their iller-relationships are represented tJy the generic unit 

0p(lraTion in Figure 5.4 

Reagentsi M.,.~".." 
water 

Where: 

Ur.it feed stream 

Unit Op<lf~tlon (u) 

P., D, 
M,._: C;.,_, Un·,t waste 

output 

t Mp.....,,; C,,,,,,,,,. 

Unit prodl£t outpuT 

G,: concentration of sj}ecies i 

0,; ma" o STribuTion rat'o lor species i relative to t~e feed stream mass 

M, is the total mass Ilow of stream x 

P". the ,et of operating parameters govern·" g the unit operation 

6!:JlL 

O;=f(P"j 

For any given ,pecies ·1 and output stream x' C" =0;. ,.C .... " .(M, .. ~''MJ 

Figure 5.4: Generic unit proce .. within a flowsheet (modifIed from Stewart et al. 2003a) 

Stewart & Petrie (2.000) have ~~ied these information types in the developmenT of LCls (Life Cycle 

Inventories) fo< Pfimmy processes across en!'rre minerai sectors. In its current form, howwer, trese 

,nventone,. and t'1e process flows~eet models that underpin them, general~ on~ consider the route of 

the targete<:l metal and major comlXlnents, or grOL-P' thereof, from tre ore thrOl.\lh to prorlucts and 

wastes for industry sectors (consistent ""th the corventional "cradle-to-gate" system boundary) 

Expansion of the flowsheet to facilitate a"essment of tre IX'tential water anrl lar.d-related rnpacts 

associated with mineral resource-basad P'OC0SS operations on a PfOject levEH has already be<Jn 

rliscussp.rl in the previous section. In accordance with t~P. rev",,,, in Chapter 2., expansion is also 

'equirp.rl in terms of current LCI-typo databases so as to include both the tOlal concentratio~s and 

speciation (or form) of individual traco motals anrl salt-fo'ming cor"tituents with·" the relevant n put­

output streams. It is aiso imlX'rtant to ensurp. t~.at these inventory databases ara as detailed and 

disagg'e<;Jated as jXlSSible. This will airl transparency and ·ncrease tho acclXacy anrl certainty of the 

sLi:JscXfJell environmental as,essment ta,b. 

nere are seve-al potential in formation sources lor supporting collection of available data n line with 

tre above-mentla~ed requirements. Stewart & Petrie (2D06) provide a comwehens·rve list of informatoo 

sourcp.s 'Jsed in developing f" st 0'00' LCls fo< t~e mi~erals industry sectors. Ivhicr includes 
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government waste inventory reports; academic journals; reference books; newspapers and industry 

press; company annual reports; information pamphlets, environmental impact statements and other 

statuary documents; as well as interviews and plant visits. Not all of these will, however, be suitable for 

sourcing detailed process-specific information consistent with the requirements of this study. Applicable 

data and information pertaining to process stream flows and unit performance will mainly take the form 

of empirical plant data and/or data from testwork programmes on a laboratory or pilot-plant scale. 

Although some of these data will be available in the published literature (e.g. academic journals and 

reference books), much of the knowledge is grounded in in-house experience and documents, and thus 

lies within the minerals industry as well as industry-related service and research organisations. As 

already discussed in Chapter 1, such information is frequently considered proprietary, and is not 

available outside of the specific organisation. 

5.2 Task 2: Fundamental assessment of element distribution 

behaviours 

The second step in the proposed methodology entails the theoretical assessment of the potential 

element distribution behaviours and associations within the relevant unit processes or operations, 

including the relative extents of: 

• enrichment in ore deposits 

• deportment during ore extraction and beneficiation 

• availability for release from solid wastes in a disposal scenario 

In line with the first-orders nature of this study, element distribution behaviours and trends are 

expressed as qualitative (e.g. high, medium, low) or semi-quantitative (covering a range of potential 

values) measures of the typical, rather than absolute, extents of element enrichment, deportment 

and/or environmental availability. These measures can either take the form of mass percentages or 

mass ratios (commonly termed factors) which, when combined with mass flow information, will enable 

element concentrations in the unit output streams to be calculated (see Figure 5.4). 

Despite the first-order nature of element distribution data, it is important to ensure that these values are 

not arbitrary, but are derived through the application of scientifically valid and appropriate techniques 

and methods, which can be divided into four main types or categories, viz: 

• Collection of data and information pertaining to the fundamental properties of the elements and 

their compounds. 

S In accordance with previous discussions in Chapter 1, data uncertainties of between 25% and 40% in 

the project conceptual and early design stages is both acceptable and, in terms of data and information 

management, necessary (Douglas, 1988). 
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• Analysis and interpretation of relevant empirical data from fundamental research programmes. 

• Application of the fundamental chemical principles of element periodicity. 

• Predictive thermodynamic modelling. 

The selection and application of the most appropriate techniques for the derivation of element 

distribution factors on the basis of the above-mentioned criteria is not a simple or trivial matter, and 

requires a clear understanding of the criteria or factors influencing element distribution, as derived 

within Chapters 2 to 4 of the thesis and summarised in Table 5.1. 

Table 5.1: The overarching criteria influencing element distribution behaviour across the ore formation ...,... 

ore extraction & beneficiation -+ solid waste disposal -+ leachate generation system boundary (based on 

discussions in Chapters 2-4) 

Unit process description Controlling criteria 

Aqueous systems including: Relative solubilities or mobilities of the stable 

• Weathering of primary ore depOSits and 
forms of the elements, as governed by primary 
dissolution and secondary attenuation reaction 

formation of sedimentary deposits 
mechanisms and influenced largely by the pH, Eh 

• Hydrometallurgical extraction and metal and concentrations of the major complexing ions 
refining operations during ore beneficiation in the leach solution or pore waters. 

.. Weathering of final wastes in a disposal 
scenario 

Thermal systems including: Relative ionic radii and thermal properties of the 

.. Primary deposition of magmatic ore deposits 
stable forms. The latter pertains largely to 
viscosities and volatilities, as a function of furnace 

.. Pyrometallurgical extraction operations during operating parameters such as temperature, redox 
ore beneficiation conditions (reducing or oxidising), and the nature 

of the reagent inputs (fluxes, reductants and/or 
oxidants) 

Solid-solid separation systems including: The stable forms of the elements and their 

.. Ore extraction or mining 
relevant fundamental properties, e.g. magnetic 
susceptibility, density, particle size etc. 

• PhYSical concentration operations during ore 
beneficiation 

In some instances, data pertaining to these criteria and, subsequently the element distribution factors, 

may be derived directly from fundamental data (e.g. temperature related viscosities of compounds 

during reductive smelting) reported in the open literature (e.g. reference books and academic journals). 

In many instances, however, the relevant databases are either incomplete or non-existent. This is 

particularly the case for the minor and trace elements and their compounds, the chemical properties 

and behaviours of which remain largely unquantified and, in some instances, unqualified. Even where 

available, fundamental data (e.g. solubility products, formation constants) are often only valid for a 

specific set of "standard" conditions and cannot be directly extrapolated to the mineral resource-based 

aqueous and thermal processing operations described in Table 5.1. In such cases, a meaningful 
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estimation of the element distributions within a given system will rely on the application of a combination 

of two or more of the above-mentioned predictive techniques. 

As already alluded to in this chapter, these techniques cover a wide range of available databases and 

scientific methodologies. Each of these has its limitations and strengths, and can vary quite 

considerably in terms of complexity, procedural detail, costs and, in some cases, even its core purpose. 

The use of detailed and complex models and empirical testwork programmes for the derivation of first­

order element distribution factors is, however, unlikely to be necessary or warranted. Such methods are 

time-consuming and costly, and normally require detailed and accurate input data and information in 

order to deliver reliable results. In the case of the mineral resource-based processing systems, 

particularly the leachate generation units, such input is generally either unavailable or highly uncertain,' 

particularly in the early developmental stages of a project. It is postulated that the application of a 

number of relatively simple predictive methods in a manner which allows for validation of the 

consistency of results will provide sufficiently reliable estimates of element distribution factors (Le. 

measures consistent with early project stage requirements in terms of accuracy), whilst ensuring that 

resource requirements (including information, time and costs) remain manageable. 

Section 5.2.1 provides a brief overview of the more relevant predictive techniques and methods, 

supported by a few examples to illustrate the practical application thereof. These methods and 

examples support the copper case studies presented within Chapters 6 to 8 of this thesis. 

5.2.1 Overview of selected data and methods for the prediction of element 

distribution factors 

Collection of data pertaining to fundamental properties of the elements and compounds 

Data pertaining to the fundamental physical and chemical properties of the elements, naturally­

-occurring minerals and inorganic compounds of the metals and semi-metals can mainly be sourced 

from reference and handbooks. Other potentially useful sources of information include academic 

journals; the databases of predictive thermodynamic models; and organisations involved in 

fundamental R&D studies for the minerals industries. Some examples of fundamental data and 

information sources of relevance to this study are provided in Table 5.2. 
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Table 5.2: Properties of inorganic elements and minerals: useful data sources 

Information type 

Thermodynamic constants: 

e.g. Kf, Ksp, llG fo, llH fo 

Examples of sources 

Reference books: 

Brookins (1988); Chase et al (1985); Cotton & 
Wilkinson (1962); Elliot & Gleiser (1960-63); Garrels 
(1960); Knacke et al (1991); Kneen et al (1972); Lide 
(1997); Moore (1990); Price (1998); Robie et al 
(1978) Rosenqvist (1983), Woods & Garrels, 1987; 
Zeimack, 1992 

Thermodynamic model databases: 

MINTEOA2 (Allison et ai, 1990 and US EPA CREAM, 
2005), OLi (OLI Systems Inc, 1991); PHREEOE -
(Parkhurst, 1995); HSC Chemistry@ for Windows, 
version 5.1 (Outokumpu, 2002) 

Physical properties: References above; Hayes (1985); Kelly & 

e.g. melting and boiling pOint, vapour Spottiswood (1982) 
pressure, density, magnetic susceptibility, 
thermal conductivity 

Periodic element properties 

e.g. ionic and atomic radii, 
electronegativities, ionization energies, 
electron affinities 

Average crustal abundance 

Cotton & Wilkinson (1962); Kneen et al (1972) 

Cotton and Wilkinson (1962); Cox (1995); Thornton 
(1983) 

Analysis of data from relevant empirical programmes 

Data from fundamental laboratory-scale R&D programmes can provide valuable information in terms of 

the potential distribution of elements across the ore formation -+ ore extraction & beneficiation -+ waste 

disposal -+ leachate generation mechanistic chain. In particular, the potential availability or mobility of 

elements during chemical weathering and leaching of minerals in aqueous systems can be inferred 

from the results of empirical sequential chemical extraction (SCE) as well as batch and/or column leach 

tests. 

.. Sequential chemical extraction (SCE) tests: 

These tests entail subjecting either different samples of the material to leachants of various strengths in 

a series of parallel tests, or subjecting one sample to differing strengths or types of leachants 

sequentially. Although SCE tests have traditionally been developed for providing information pertaining 

to the partitioning or distribution of trace to minor metals in major soil and sediment phases, a number 

of authors (see for example Carlsson et ai, 2002; Dang et ai, 2001; Dold, 2003; Dold & Fontbote, 2001; 

Guirco et ai, 2000; Hansen, 2004; Leinz et ai, 2000; Mitchell et ai, 1994; van Herck & Vandacasteele, 

2001) have developed and applied modified versions of the traditional SCE tests to inorganic solid 
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wastes. These "modified" SeE tests are designed to provide quantitative data pertaining to the forms in 

which major components occur, and the manner in which the trace to minor components are 

associated with these major minerals. On the basis of these results predictions can be made pertaining 

to the potential modes of occurrence and mechanisms that are likely to control the availability of 

elements under disposal conditions, with each fraction representing a different mode of occurrence and 

potential controlling chemical reaction mechanism (see Table 5.3) 

Table 5.3: Potential modes of occurrence and leach behaviour of the elements on the basis of SeE test 
results 

Fraction Potential mode of element Potential mechanism and 

occurrence parameters controlling .element 

mobility 

Water soluble Present as highly reactive and Mobility will be instantaneous or 

liberated salts rapid and will be dependent only on 

the concentration in this fraction 

Exchangeable components Weakly adsorbed onto clay The mobilisation of exchangeable 

minerals, iron and magnesium components from solid will most 

oxides/hydroxides, organic matter likely occur as a result of rapid ion-

and other colloids. exchange reactions, and will be 

dependent on the soluble salt 

concentrations and pH 

Carbonate bound and/or specifically Present as or occluded in Mobility is likely to be controlled by 

adsorbed components carbonates and/or chemically the rate and extent of carbonate and 

adsorbed onto surfaces of simple oxide dissolution/precipitation or by 

and complex oxides of iron, surface adsorption reactions, and 

manganese and aluminium will be dependent on pH. 

compounds (simple and complex 

oxides). 

Fe/Mn oxide bound Present as or occluded in Mobility is likely to be controlled by 

manganese and iron oxides rate and extent of Fe and Mn oxide 

dissolution/precipitation, and will be 

largely dependent on pH and Eh 

Sulphide bound Present as or occluded within Mobility will be governed by the rate 

organic matter and/or sulphide of organic matter/sulphide mineral 

minerals oxidation, which will be largely 

controlled by oxygen diffusion 

Residual Present as or occluded in stable Element phases are likely to either 

primary mineral phases be inert, or mobilised at extremely 

slow rates under most disposal 

conditions 
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This information can, in turn, be interpreted in terms of the relative availability of elements for release 

into the environment. Water-soluble and exchangeable components can be expected to be readily 

available for release in the short-term, whilst constituents that are associated with the residual fractions 

are unlikely to occur to a significant extent within the time-scale of concern (in accordance with 

discussions by Hansen (2004), such time-scales are typically considered to be in the order of 100 

years, although a longer time period of 500 years may be more appropriate for metals impacts). 

Ranking systems and associated graphical representations for the identification of strategic elements 

on the basis of total environmental availability, as inferred from SeE test results, have been developed 

by Galan et al (2003) and Hansen (2004). Despite the wealth of information that can be derived from 

SeE tests, there is currently uncertainty regarding the accuracy of the quantitative results, and unless 

verified by other characterisation tests, the results of the SeE tests should be considered as only semi­

quantitative estimates of metal partitioning. 

.. Standard laboratory-scale leach tests 

Whilst the SeE tests described above generate data and information pertaining to the inherent waste 

properties influencing the potential environmental availability, leach tests are specifically designed to 

generate data which can be directly interpreted in terms of potential availability of contaminants for 

release to the environment under actual or typical disposal conditions. As already discussed in chapter 

1 of the thesis (see Tables 1.1 and 1.2), a number of empirical waste tests have been developed for 

characterising the leach behaviour of solid wastes, each of which has its limitations, and is specifically 

designed to reveal only one or two aspects of the leaching behaviour of the solid under investigation. A 

fundamental study of the leach behaviour of mineral wastes in solid deposits, combined with a 

comprehensive survey and assessment of standard empirical methods for the characterisation of such, 

has indicated that, in general, laboratory-scale leach tests can be considered to provide a reasonable, if 

somewhat exaggerated, estimate of the potential availability of contaminants for release under field 

conditions, providing that: 

.. all chemical reactions are sufficiently accelerated such that equilibrium or near equilibrium is 

achieved between the waste and the leachant during the test period. 

.. the test conditions, particularly with respect to liquor compositions (in terms of major ions, pH and 

Eh) and US ratios, are similar to that expected in the deposit. 

Unfortunately, conditions within the solid mineral waste deposit are frequently unknown, whilst many of 

the key reaction mechanisms controlling the leach behaviour of primary mineral phases are extremely 

slow, and consequently cannot be simulated in short-term leach tests. On their own, standard 

laboratory leach tests are thus generally deficient in terms of their ability to provide a realistic estimate 

of the potential availability of contaminant from solid mineral wastes over the long- term. 
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Predictive thermodynamic modelling 

Theoretical predictions of element distribution behaviours in mineral resource-based process systems 

can be conducted using equilibrium speciation models, which are designed to generate information and 

data on the equilibrium distribution of phases, as well as the chemical compositions of interfacing fluid­

solid systems, on the basis of fundamental thermodynamic principles. Examples of commercially 

available thermodynamic models (also termed equilibrium speciation models or aqueous geochemical 

models) for aqueous systems include MINTEOA2 version 3.0 (Allison et ai, 1990) and version 4.0 (US 

EPA CREAM, 2005); aLi (aLi Systems Inc, 1991); PHREEOE (Parkhurst, 1995); WATEOF4 (Ball & 

Nordstrom, 1991); ORCHESTRA (Meeussen, 2003); and HSC Chemistry® for Windows, version 5.1 

(Outokumpu, 2002). The HSC Chemistry® for Windows model, as well as FactSage™ 5.4 (CRCT~ 

ThermFact Inc and GTT-Technologies, 2005), can also be used to model thermal (i.e. high temperature 

non-aqueous) systems. Although equilibrium thermodynamic models do not take into account factors 

such as reaction kinetics and non-idealities (e.g. formation of mixed or non-stoichiometric precipitates), 

they can provide useful and versatile information in terms of the most likely stable forms and major 

distribution pathways of elements in process systems. This is particularly the case for the leachate 

generation processes occurring within solid mineral waste deposits, as most of the 

precipitation/dissolution and/or adsorption/desorption reaction mechanisms controlling the extent to 

which waste constituents are attenuated within solid waste deposits are rapid, equilibrium-controlled 

reactions. Furthermore, due to the extended time frames typically associated with mineral waste 

deposits, in many cases even the availability of elements present in the form of slow-reacting primary 

phases (e.g. sulphides) can be predicted on the basis of thermodynamic considerations alone. 

Thermodynamic models can thus playa valuable role in predicting the environmental availability of solid 

waste constituents in a disposal scenario, as well as their speciation within the contaminated leachate, 

both of which are of significance in terms of potential environmental risk. 

One of the main disadvantages of predictive thermodynamic models in terms of generating first-order 

element distribution data is that they require fairly extensive input data. Data requirements include 

element activity coefficients and other aqueous properties (Eh, pH), as well as the nature and 

concentrations of adsorbing solids. Predictive thermodynamic models also presuppose knowledge of all 

prevailing reaction mechanisms and stable chemical phases, and associated equilibrium constants. 

Unfortunately, most complex systems, particularly solid mineral waste deposits, remain poorly 

understood, and the required model input information and data is frequently either unavailable or highly 

uncertain. This problem is aggravated by the fact that many of the models do not permit the user 

access to the model database, which reduces the transparency and adds to the uncertainty of the 

model predictions. 

Published thermodynamic databases and diagrams, established by various authors on the basis of 

fundamental thermodynamic principles, provide a potentially useful source of data and information for 

predictive models. Examples include Eh-pH diagrams, which identify regions of dominance for the 
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chemical forms in which individual elements may occur in aqueous systems as a function of redox 

potential and pH, and Ellingham diagrams as reported by Rosenqvist (1983), which depict the stability 

of various metal compounds as a function of temperature in thermal systems. Such information and 

data are, however, frequently derived for specific, narrowly-defined and relatively simple systems (i.e. 

containing relatively few components at specific concentrations), and cannot be readily extrapolated to 

the conditions typical of mineral-based resource processing systems. 

The combined application of published thermodynamic data and predictive thermodynamic models 

having different attributes and levels of complexity for the semi-quantitative prediction of iron 

attenuation (through secondary precipitate formation) and speciation within a sulphide tailings 

impoundment, is illustrated in Box 5.1. This exercise forms part of the Chapter 7 case study, in which 

the constituents within a tailings waste from the milling and flotation of a porphyry-type copper sulphide 

ore are screened and ranked on the basis of their hazard potential and environmental availability in a 

disposal scenario (see Section 7.2). 

In this particular exercise, published thermodynamic data and Eh-pH diagrams (Baron & Palmer, 1966; 

Bigham et ai, 1996; Blowes et ai, 1998; Brookins, 1988; Carlsson et ai, 2003; McGregor & Blowes, 

2002; Moncur et ai, 2005; Pourbaix, 1996) provide a preliminary database of possible species, and their 

formation constants, in the system of relevance in terms of the availability of iron in sulphide tailings 

impoundments i.e. the K-Fe-S-H20 system. This information is then coded into the Eh-pH diagram 

module of the HSC Chemistry® for Windows thermodynamic model (Outokumpu, 2002), selected 

specifically for its user-friendly diagram graphics and easily adjusted database. This allowed for the 

addition of Schwertmannite (FeaOa(OHMS04h), which is not included in either the standard HSC or 

Visual MINTEQA2 databases, as well as an analysis of the effects of the various formation constants 

reported for ironhydroxy and ironhydroxysulphate precipitates (see Appendix 7.3 in Chapter 7). The Eh­

pH diagrams generated by this model provide an indication of the stable K-S-Fe-H20 species likely to 

occur within a sulphide tailings impoundment, as a function of the component concentrations and 

reported species formation constants. This information is subsequently coded into the Visual 

MINTEQA2 version 4.0 model (US EPA CREAM, 2005), to generate detailed K-S-Fe-H20 speciation 

and distribution data ranges for the sulphide tailings impoundment system, as a function of likely pore 

water chemistry in terms of Eh, pH and component concentrations. Although fairly resource-intensive 

(in terms of input data and information), this model is particularly attractive for simulating dilute (ionic 

strength < 0.5 M) aqueous geochemical systems, as it includes advanced surface complexation 

calculations; can accommodate a range of input parameters and variables; and provides extensive 

output data in a spreadsheet format which is easy to interpret. 
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Chapter 5 

Fundamental periodic properties of the elements (element periodicity) 

Another important, but largely under-utilised predictive methodology entails analysis of the periodic 

chemical properties and trends of the elements, commonly referred to as element periodicity. 

Predictions on the basis of element periodicity are underpinned by the fact that element distribution is 

governed by their fundamental properties, which dictate the stable element and associated chemical 

behaviour under a given set of conditions. Important element properties that can be correlated with a 

wider range of chemical distribution behavioural patterns include their electronic configurations, atomic 

masses, ionic radii and charge densities (Kneen et ai, 1972). Furthermore, certain elements have 

similar properties and hence can be expected to be present in similar forms and exhibit similar 

behavioural patterns under a specific set of conditions. These associated trends and patterns are 

frequently reflected by diagrams and tables in which elements are arranged and grouped accordingly. 

Examples include the periodic table (see Figure 3.4 in Chapter 3); the ionic radii vs. charge diagram 

(see Figure 2.5 in Chapter 2) which groups elements according to their stable element forms in natural 

aqueous environments; and the charge density vs. ionic radii diagram (see Figure 3.6 in Chapter 3) 

which groups metal oxides in accordance with their basicity and relative thermal stabilities. The fact that 

elements can be grouped in accordance with common properties and behaviour patterns allows one to 

pre-suppose or predict similar deportment behaviours for other elements in the same group. 

An example of the application of periodic chemical properties and trends of the elements for the 

qualitative prediction of the relative deportments of Zn and Cd during matte smelting of a copper 

sulphide concentrates is illustrated in Box 5.2. This exercise forms part of the case study in Chapter 8 

of the thesis (see Section 8.2). 

5.3 Task 3: Reconciliation of empirical data and theoretical 

predictions 

In the broader sense data reconciliation is concerned with the adjustment of measured variables and 

the estimation of unmeasured variables to meet mass balance requirements, and is commonly used to 

improve preCision in metallurgical or metal balances through the application of numerical data reduction 

techniques (see for example Chakraborty & Deglon, 2006). Such techniques are, however, not suitable 

for reconciling incomplete lists of empirical data from dispersed sources with qualitative or semi­

quantitative predictions. Reconciliation in the context of this particular study thus essentially entails the 

harmonisation of available empirical data with the fundamental understanding gained in task 2 of the 

methodology (Section 5.2), and as such does not involve the use of numerical techniques. 
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Chapter 5 

In the first instance, the qualitative or semi-quantitative element distribution predictions (task 2 of the 

methodology) are used to interpret and rationalise the available empirical data, collected within task 1. 

This step serves to validate the theoretically predicted element behaviour trends and associations, and 

identify possible anomalies in the empirical data. In the next step, quantitative predictions of potential 

element distributions and concentration ranges are subsequently derived, and existing data gaps thus 

addressed, on the basis of the element periodicity principles outlined above. 

The example in Box 5.3 illustrates how the qualitative distribution factors predicted for Zn and Cd 

during smelting of copper sulphide concentrates (see example presented in Box 5.2), is reconciled 

with available empirical data, so as to address data gaps pertaining to the quantitative distribution of 

Cd under moderately oxidising conditions. A more comprehensive list of element distribution data 

during matte smelting of typical porphyry-type copper sulphide concentrates has been generated in 

Chapter 8 (Case Study 3). 

5.4 Summary and concluding remarks 

The specific aim of this particular chapter was to develop methodological guidelines, together with a 

few illustrative examples, in terms of the technical tasks involved in addressing current data gaps and 

inconsistencies in accordance with the conceptual approach, criteria and protocols outlined in 

Chapters 1 to 4. 

The proposed methodology outlined in this chapter relies on different and diverse sources of input 

data, and the application of a number of scientific disciples and specific methods, each of which has 

its own strengths and limitations. Although first-order in nature, credibility of the predicted data and 

information is enhanced through the application of a combination of suitable, yet simple, techniques 

and methods, the selection and application of which is based on a comprehensive understanding of 

both the mineral-based resource process systems and fundamental chemical principles underpinning 

such. Furthermore, although data uncertainty is not specifically addressed within this thesis, a 

measure of uncertainty is implied by using ranges of data (as far as is possible), rather than average 

or typical values. The use of ranges to define input-output stream and performance data values is 

consistent with the extremely variable nature of natural ore deposits and mineral-b~sed resource 

processing systems, as well as the iterative nature of process evaluation and design procedures. In 

according with these procedures data uncertainty will gradually be reduced (and associated ranges of 

values thus narrowed) on progreSSing from the conceptual to the final design and implementation 

stages. 

The methodological tasks and associated technical elements outlined in this chapter are applied to 

derive data pertaining to element distribution behaviours, input-output stream compositions and 

environmentally significant waste characteristics for selected processes and operations associated 

with primary copper metal production in Chapter 6 to 8. 
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Box 5.3: QUMtilftti.e prcdiclicKlS of Cd and Zn deportment during moUe 
smelting of 8 copper sulphide concenlrsle: Reconcili8tion 

,----- .. _---- ------- ------- ------------- ._ .. __ ._ "---- -- -- --------- -------------. 

Summmy of available empirica l itIld predicted QC'alitatlve lieportment results 
(attor Biswos & Davenp-ort . 1994: Hoh et al 1983: Rivoros & Utgmd 2.003) 

Moderate" oxi{J5ing conditions , Strong" oxidising cond it ions 
~ 

CO " Co " -

Extensive Moderate High 
, 

Part ia l-moderate Vapour !)'lass 

"" " " " ~ 

Motte !)'lase Partial Partial Part ial Part ia l 

"" " H " 
Slag !)'lass Cow Partial·moderate Low·pm'.ial Modolmte·h·gh 

"I. " " " . ~ 

Where: 

• moderate" oxidis;ng conditions are assumed to correspond to a 55% Cu mntts grnd9 

. strong" ox idsing cond:tions are assumoo to correspond to 0 75% Cu matie groo e 

. qualitative deportment data is oor ive d from the exerc ise presented with in in Box 5.2 

• quantitative dato (in tJOid) is occessed from the li te rature (see Table 8.1 in Chnptsr 8) 

• nia denotes not availab le 
, , , 

~~~~~~~"C~~ ; , ~ 
~~ .. __ ._----- --------------------- - - ----- ------. __ ... _"-----------

, ---------- ------ ----_ ...... "-" --------- ----------------------, 
: Step t: RatlOOol isation and interpretation 01 the availablol empirical ' 
: dato On the bas is of the outcomes of task 2 (see Box 5.2) , 
'~~.~~ . ~~.~ ~.~ ~~~~ ~~.~ ~:O:: ~:~:::::: : 

.••. .., 
• The lieportment of Zn to the slag phase under moderately oxid '~lng conditions is 

consistent WIth the relatively high atfn ity of Zn tor oxygen (in com parison to Cu). 
resulting in fa irly extensive conversion, ot the 'ulphide to the oxide under most smelting 
condtions 

• The increase and decrease irl the dep-ortment of Zn to the slD9 and vopour phases 
respactively as the conditions within the sme lter become more oxidising can be 
ott ri buted to 0 correspond ng Increase in the conversion ot ZnS to ZnO. 

• The higher deportment of Cd to the vapor phase and lower deportment to the slag 
phase ralati ve 10 Zn Lnder highly oxi dising condition is consi,tent with the higher 
stobility and volat ility of the su lph ide compoll1d re lative to that ot Zn 

: - - St~ r; 2:-Q -u~-nt it; ~ ~~ -e-s-ti~ ~t;;' -~ f t~;;;; ;t';~t -.~ f C J -~~ ~t~'; ~ t ~ ~ d,; ~ -1 
modolrately oxidISing cond itions 

:: ~~ ~ ~ :.:.~~: :.:. ~ :.:.~.::~:::~:.:. ~~:.:. D ~ : ~~ : ~: ~~ :.:. ~ : ~ ~ 
• Deportment of Cd to the vapour pha'e is prooictoo to be higher than that occurring unoor 

high" oxidising cond itiCll'. and higher than that fo r Zn. \oil approximate" > 65% 

• Deportment of Cd to ths matte phose is expacted to 00 only partial, and simila r to or slightly 
lower than that occurring under high ly ox<J ising conditions. viz approximately t 0·2.0% 

• Deportment of Cd to the slag is expected to be IO\\\lr than thot occurring unlier hig,ly 
oxidising conditions. and lower than thot for Zn. '1iL <I 0°,. 
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'7he modern-day approach to the problem also calls for substantial supplements to the traditional 

description of mineral reserves from a purely geological or process viewpoint" Rubenstein and Barsky 

(2002) on the problems of mineral resources development. 
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Predicting the Chemical Compositions of Copper 

Sulphide Ores, Flotation Tailings & Concentrates: 

Case Study 1 

Thus far, the thesis has developed criteria, protocols and technical guidelines for predicting the 

distribution behaviours and deportment of elements during the formation and beneficiation of ore 

deposits and, ultimately disposal of solid waste outputs. The following three chapters (6-8) will 

demonstrate the application of the generalised methodologies and criteria developed in the previous 

chapters to the primary copper production industry. 

Approximately 90% of the world's primary copper production is obtained from sulphide ores deposits, 

with oxidic are deposits being relatively rare. Copper grades in sulphide deposits are relatively low, with 

ores from open pit and underground mines typically containing 0.5% and 1-2% copper respectively 

(Biswas & Davenport, 1994). Dump and heap leaching techniques are becoming increasingly applied 

for the recovery of low-grade copper deposits (heap leaching) and/or previous waste rock stockpiles 

(dump leaching), containing copper in the range 0.15-0.25%. Higher-grade copper ores, containing on 

average between 0.63 and 0.65% copper, are milled and concentrated by means of froth flotation to 

produce a sulphide concentrate typically containing between 25 and 30 percent copper prior to 

metallurgical extraction (Ayres et ai, 2002; Gordon, 2002). A generalised flow-sheet depicting the 

mining, technically viable routes and related primary unit operations for the processing of run-of-mine 

copper sulphide ores is presented in Figure 6.1. In many operations, optimum copper production will 

probably be best achieved by using a combination of the above-mentioned processing routes. In 

particular, in many cases optimum economic recovery of copper from an are deposit will require 

sending high grade ores (> 0.25% Cu) to milling/concentration/metallurgical extraction, low-grade ores 

(- 0.25% Cu) to heap leaching and waste rock «0.25% Cu) to dump leaching (Biswas & Davenport, 

1994). 
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Figure 6.1 : Mining ~nd beneficiation of copper sulphide ore deposits (Bi$wa. & D~venport, 1994) 

Although a number cr hydrometallurYKOal and biooydrOOletallur'dlcal proces~es have bgoo dev~oped for 

the t'eatmgrt cr coppgr sulphide concentratgs on a laboralory and/or ;;ilol scale, comm€H'cial 

metaiiuryical gXlraClion of copper from sulphide concen\r?tes is almost exrlusive~ conructod by 

pyrorTWI~lIurqic?1 me?ns. The pyrometallurgic~i processing cr copper sulphide concentrates ootalls 

~melliTl~ wilh ? siliceous flux to prrxt;re ~ sulphide m~tte rich n copper, tollowed by subsequent 

converskm 01 the rn~lie 10 ~ crude molten met~lIic bl'ster copper ront~ir'ng 98 to 99 % copper. The 
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Ap?rt from copper. the convention~1 pyromet~lu rglcal pracessng route frequen:iy recovers a msnber of 

other co-elemerts ~s by-prodocts, includin'd sulphuric acid. arsenic. selenium, tellurium, the precIOus 

metals, mof{bdenum, lead, zinc and nickgl iAyre~, 2002: Biswas & Davooport, 1994: Ripley et al. '996) 
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prodJcw ~~ by,prodJcls of lhg pyrornet~lIurgir?1 processllg of copper sulphide concentr?tes (Ripley et 

~I, 1996\. Although the m~jority of the by-prorluct r""overy is trom anode slimes and electroi'jte bleed 

stree.ms emitted trDm the retining operations, recovery of by-products fram pyrametaiiurYKoi11 outputs 
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This particular chapter is concerned mainly with the compositions of typical copper sulphide ore 

deposits, containing a grade of > 0.25%, and the subsequent distribution, concentrations and mass 

flows of ore components during mining and concentration. In accordance with the methodological 

guidelines and procedural frameworks developed in previous chapters of the thesis, currently available 

data pertaining to the characteristics of the feed ore as well as the subsequent distribution, 

concentrations and mass flows of ore components during milling and flotation is first collected and 

reviewed (Section 6.1). This is followed by an assessment of the chemical properties and potential 

distribution behaviours and associations of elements during ore formation and beneficiation, on the 

basis of fundamental chemical and thermodynamic principles (Section 6.2). Finally, the empirical data 

and theoretical knowledge gained through these studies is reconciled in Section 6.3, ultimately resulting 

in a comprehensive list of potential distribution factors, element concentrations and their speciation in 

typical copper sulphide ores, flotation tailings and concentrates. 

The predicted concentrations and forms of constituent elements in the flotation tailings and 

concentrates will, in turn, playa key role in the subsequent assessment of the chemical behaviour and 

element distribution profiles during land disposal of the tailings (Chapter 7) and concentrate smelting 

(Chapter 8). 

6.1 System review and assessment: Task 1 

In accordance with the discussions in Chapter 5, the identification of the system boundaries and the 

collation of relevant and available data and information to describe this system is the first task in the 

proposed methodology and perhaps the most important. Such information provides a detailed 

qualitative understanding of the system under consideration, particularly with respect to the key factors 

and variables influencing the performance of such; serves to make existing data more accessible and 

comparable; and enables current data gaps and deficiencies to be clearly identified. Available data 

pertaining to the input and output streams over the entire ore-to-metal flowsheet is presented in 

Appendix 6.1. This section of the thesis summarises and reviews the available data and general 

information pertaining to the genesis and chemical properties of copper sulphide ore deposits, and the 

behaviour of such deposits during subsequent mining and concentration. 

6.1.1 The genesis and chemical properties of copper sulphide ores 

As a general group primary copper sulphide ore deposits are hydrothermal depOSits formed through the 

crystallisation of sulphide minerals from magmatic fluids and condensed vapours at high (hypothermal) 

to moderate (mesothermal) temperatures, and occur as enriched veins or massive local deposits in 

fissures of oxidic host rocks, comprising the major rock-forming lithophilic elements (Si, AI, Fe, Ca, K, 

Na, Mg). Further information pertaining to generic hydrothermal deposits is presented in Appendix 3.1 

of Chapter 3. Chalcopyrite (CuFeS2) is by far the most predominant copper mineral accounting for % 
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the world's, and approximately 90% of the USA's, copper production (Mining Journal editorial, 1995). 

Other commonly occurring primary copper minerals of commercial importance include bornite 

(Cu5FeS4), and, to a lesser extent, enargite (Cu3AsS4), native copper, terahedrite ((CuFe)12Sb4S1s), and 

tennantite ((CuFe)As4S13). When copper materialisation is exposed in the oxidising environment at the 

earth's surface, copper sulphides slowly become oxidised and the released copper percolates down 

below the water table forming a secondary enrichment on top of the primary copper sulphide minerals. 

Within this layer, frequently termed a supergene zone, the grade can often be higher than the primary 

copper materialisation. Secondary copper sulphides such as chalcocite (CU2S ) and covellite (GuS), and 

copper oxides such as cuprite (CU20) and tenorite (CuO), are the most common secondary copper 

minerals occurring in supergene zones. Secondary carbonates (malachite, Cu(OHh.CuCOs, and 

azurite, Cu(OHh.2CuCOs); hydroxy-silicates (chrysocolla, CuSi03.2H20) and sulphates (antlerite: 

CUS04.2CU(OHh and brachanite CuS04.3Cu(OHh) also often occur with secondary sulphides and 

oxides in supergene zones. 

Although highly enriched in copper relatively to the average crustal abundance (55 ppm), the relatively 

low copper grades means that copper ore deposits are a complex mixture of a number of minerals and 

associated elements. These deposits generally occur in association with significant quantities of iron 

sulphides minerals of pyrrhotite (FeS) and, in particular, pyrite (FeS2), which are by far the most 

abundant and wide-spread sulphide minerals within the earth's crust. Apart from copper sulphide 

minerals and pyrite, a large number of minor and trace elements are also commonly associated with 

copper sulphide ores, the most common or well-documented ones including arsenic, bismuth, lead, 

zinc, selenium, tellurium, precious metals (silver, gold, PGMs), antimony. cobalt, nickel, tin, cadmium 

and molybdenum (Ayres. 2002; Biswas & Davenport, 1994; Ripley et ai, 1996). Discussions in the 

previous section have, however, indicated that this list is by no means complete, with a typical copper 

deposit containing in excess of 30 elements in measurable quantities. Furthermore, whilst some of 

these co-elements are recovered as by-products, many of the elements occurring in copper ore 

deposits either deport to waste outputs or are continuously recycled, remaining locked within 

beneficiation circuits. 

Copper sulphide ore deposits can occur in a variety of geological environments and are normally 

grouped into generic sub-classes, each defined by common geological and mineralogical 

characteristics such as pyrite content, host rock/gangue mineralogy and associated 'minor or trace 

minerals and metals. Appendix 6.2 summarises available data and information pertaining to the 

characteristics of the main classes of copper sulphide ore deposits as reported in the open literature 

(see for example Batty, 1981; Correns, 1969; Cox & Singer, 2003; Cox et ai, 2003; du Bray, 1996; Duda 

& Rejl, 1986; Mining Journal editorial, 1995; Seal & Foley, 2002). 

The characteristics defining the various copper sulphide deposit classes are not always clear, and 

classification from an environmental signature point-of view is limited to relatively general criteria, such 

as the nature and relative quantities of sulphide and non-sulphide, or host rock, minerals.(du Bray, 
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1996; Seal & Foley, 2002). As indicated in Figure 6.3, the drainage chemistry at a copper mine can be 

expected to vary according to the following characteristics: 

• Total sulphide mineral content: Ore deposits can be massive (domination of sulphide minerals, > 

50%, particularly pyrite) or disseminated (with the domination of non-sulphide minerals over sulphide 

minerals). 

• The base-metal content: Ore deposits can be simple (monometallic), with copper as the only major 

base metal, or complex (polymetallic) with major quantities of copper co-existing with Pb and Zn. 

• Acid-generating and/or consuming properties of the host rock: The non-sulphide host rock can 

be comprised mainly of carbonate minerals (high acid neutralising capacity) or silicate minerals (low 

acid neutralising capacity). 
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10 

Figure 6.3: Mine water chemistry as a function of copper ore deposit characteristics (modified from du 

Bray, 1996; Seal &: Foley, 2002) 

This case study is particularly concerned with porphyry-type deposits Le. silicate-rich, carbonate-poor 

disseminated deposits generally containing < 20% sulphide minerals, the majority of which are in the 

form of pyrite and chalcopyrite. Although porphyry-type copper sulphide deposits pose a smaller 

environmental risk than massive copper and/or polymetallic sulphide deposits, they account for Y2 the 

world's mine production and 93% of the US mine copper production, occurring in South America to 

Canada, and the Pacific islands (Mining Journal editorial, 1995). 
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6.1.2 The distribution and mass flows of copper sulphide ore components during 

mining and concentration 

The first stage in the processing of copper sulphide ore deposits comprises extraction and crushing to 

separate the copper-bearing ore from the host rock. The ore extraction and crushing entails the 

removal of large quantities of material in order to gain access to the ore, particularly in the case of 

open-pit mining operations commonly used to extract copper sulphide ore deposits. This material is 

commonly referred to as waste rock, mine waste or overburden. In reality the distinction between ore 

and waste rock and overburden is an economic one, with material containing less than the cut-off 

copper grades being considered as waste, and disposed of on waste dumps (Ayres et ai" 2002). The 

emergence and optimisation of dump leaching techniques in recent years has resulted in profitable 

recovery of copper from material with grades as low as 0.15-0.2% (Ayres et ai, 2002; Biswas & 

Davenport, 1994; Gordon, 2002). According to Ayres et al (2002), the increased processing of material 

previously considered as waste rock resulted in a decrease in the ratio of waste rock to mill tailings 

from 3/1 in the 1970s to 1.9/1 by 2002. The copper-rich output is commonly referred to as run-ot-mine 

or ROM ore and typically contains between 0.5 and 2% copper, with average values of 0.63-0.65% 

(Ayres et ai, 2002; Gordon, 2002). As these grades are still too low for economic processing by 

smelting or vat leaching, all copper ores destined for processing by such means are first processed 

further to separate and concentrate the copper-bearing minerals from the gangue and non-copper 

bearing minerals, particularly pyrite. This is normally conducted in a two stage process comprising 

milling, to reduce the ore particle size to between 1011m and 10011m (Biswas & Davenport, 1994), 

followed by flotation to produce a copper-rich concentrate and a copper-barren waste. This waste, 

commonly termed flotation, mill or mineral processing tailings, accounts tor the majority (>97%) of the 

run-of-mine (ROM) ore, with an average ratio of tailings/copper concentrate of 37/1 (Ayres et ai, 2002). 

The basic flow sheet for the mining and concentration of copper sulphide ore depOSits is depicted in 

Figure 6.4. 
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Figure 6.4: Simpl~ flow.heet for the concentrotion of "opper ,ulphide ore deF>O.it. 

Apart from the majo,ity of the gangLJe (>98%) and pyrite (90-95~.'.), milling and flotation ',",'ill al~o 'psult in 

at least partial deportment of cO~P"r minerals to the tailings (5-15%), together with other trace to minor 

orp components (Ayres e! ai, 2002; Gordon, 2002), Acco'11ng to Ayres e! al (2002) and Gordon (2002), 

copppr sulphicle ore tailings typ:cally contain tmtwepn 0.05 and 0,15% copppr 

Although Ayres et al (2002) has reported that the deportment of heavy metals du,ing milling and 

flotation is similar to that 0' copper (5-15%). deportment values reported by otlwr ,es",ech",s 

(BulatovKo, 1997; Petruk & Schn''''' 1981; Wills, 1997) n dKoate deporlment to !ailn gs for Pb, As, Ag and 

Au 0: ootw£>cn 12 and 30%. Availablp data on thp depOflmpnt 01 rl>"'-{lI -m l1P ore componMts dUring 

milling and Ilotatw is Vpsentl>(l in Table 6_' 

Th£> summary in Appendix 6, I ind)::ales :hat the deportm{lnt of ore r.omponents during flotation of 

copper sulph(le ores can give "se to cmcent'ates ',",';Ih a ',""de 'ange of chemcal and minefalogKoal 

compositions. Nevprthel€ss, accordng to A\~es et al (2002) and Gorron (2002). cO~P"r "ulp'lide 

concentratps Will twcally contain 23-27'\0 Cu, 29-31% Fe und 30-32% S as the maJO' components 

Sulphuricoppef mass ratios are genefa l y in the order of 1.2/1, ""th s ul ~hur OGCurm g in th£> 'orm of both 

copper sulp'lidp (vfldominantly chalcopyrite, hornite and chalcOCite) and iron sulphide IpredOOllnantly 

pyrite) mir>erals (Ayres et ai, 2002) The remaining 10-16% of the concentra:e is typKoally comWised of 

lithophilic gangue elements and othe, t,,,,,e to moderately ahundant sulphides (Ayr£>s et al, 2002). 

Available 'esults indcate, furthermore, that the sulp'lide or£> min£>rals (including p'la:;es 01 chalcop'lilic 

and siderophilic el€ments) Can twrcally vary between 2 and 8 pe'cen!, with the I!hop'lilic gangue 

com ponent being comprised m a'nly of silicate and, to a iess£>r £>x!en!, ca,bonate I ~ 4%) minerals, 
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Table 6.1 : Dislribulion of sulphide ore eomponenls during milling and eoneenlral ion 

(oftor Ayros el ai, 200 2; Senzaazoua el ai, ~oo~: Sul.lovie, 1997; Bulolovic 01"1 , 1998; Orcisinger, 2003; 

Gordon, 2002; Mwole. 2005; Pehuk 8- Schnarr, 1981; Wills, 1997) 

Ore component 

Maim 5ulphid~ o[~ components 
COrP. r 

I ron 
Copper sull~lide mine", ls Ima'nly cldoopyrrto) 
I ron ,ulph<b nunc,"", :mainly pyrite) 

Minor to tr"C~ 5ulphick 0 '" components 
Ars~n i o 

"" Lead 
SiI.er 
MJI)t>:jen,Jm 

~eneral heavy melals 

LithophiUc g.mgue components 

Totat 

Distribution (%J 

Tailings COflcontrdte 

5-t5 85-95 
77-85 1 ~-23 

'" "" " " 
" " 12-28 72-88 

" m 

'" '" 35-65 35-65 
10-15 85-00 

oe , 
95.~_99.1 0,9-4.1 

6.2 Theoretical assessment of element deportment during copper 

sulphide ore formation and concentration: Task 2 

The SOCO!ld tnsk in the proposed pred'o: tive methcdology (see Figure 5 .1 ot Chapter 5) entail' ~ 

Iheorotkoal assossment 01 tim potential ~l~ment [>stribution tJ.ehaviOlJrs and associations, '111 accordance 

w'lth the tundarnontal crit0,;a llcvo lopod in Chnpt~'" 3 (for ore formation) and Chapter 4 (for ore 

tJ.enefo:iation) of the thes ls_ 

6,2,1 Element distributions and associations during formation of copper sulphid" ore 

deposits_ 

As discussed in Chapter :l, the distribuh:Jn and chomko~1 form ot the elemlmts Within milloral rloPOSlts 

(including Ores nnd host rocks) i, controlled by their physio-chemical properties and behaviour during 

naturally occurring goocOOmical and geological octiv;ti~s. with c~rta i n ~I€rn~nts having similm 

properties and hence exhibiting sim ibr behavioura l trends under a sp..cif k; set of conditions, The 

studies conduct~d in Chapt~r 3 haY~, furthermore, indicated that th~ distribution and forms of ~~ments 

in primary magmatic d~posit, such as hydroth~rmal coppe< sulphide O!e d~posi1>; me mainly influ~nc~d 

by the relatNe affinitios of the elements to! hard -oxide-type" or soft "sulphide-typtJ" ligand,; their ook; 

radii relative to major rock-form:ng minora Is: and the toormal properties of too:r sta~e to!ms, On th~ 

basis of these consiOOrations. paragenotic elemoots occurrl1g with:n copper sulph d~ or~ oopo,it, hav~ 

be&rl sLU·divKlGd into three main groups Or class~s; 
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1. Chalcophilic and siderophilic co-elements: Copper is one of a number of chalcophilic elements, 

which include those comprising weakly electropositive metals and semi-metals (or metalloids) with 

a strong affinity for "soft" sulphide-type (including selenide, telluride, arsenide and antimonide) 

ligands. In terms of average abundance, the majority of the chalcophilic elements are relatively 

scarce and, as a general group, comprise only 0.25 % of the earth's crust (Rubenstein & Barsky, 

2002). Significant concentrations of chalcophilic elements generally only occur within economically 

viable monometallic or polymetalliC sulphide deposits of the more abundant chalcophilic elements, 

commonly termed base metals (copper, zinc and/or lead). These deposits generally occur in 

association with significant quantities of iron sulphide minerals such as pyrrhotite (FeS) and, in 

particular, pyrite (FeS2), which are by far the most abundant and wide-spread of the sulphide 

minerals within the earth's crust. Siderophilic elements occur as native elements and/or sulphides 

within the earth's crust and include the platinum group metals (PGMs) and gold. These elements 

are commonly termed precious metals, and are generally extremely scarce, making up only 0.1 % 

of the earth's crust (Rubenstein & Barsky, 2002). Siderophilic elements have an extremely low 

affinity for oxygen and are almost always associated with sulphide minerals. As discussed in 

Chapter 3, elements in this group can exist either as dispersed elements, occurring in the 

structures of other more abundant sulphide minerals, particularly pyrite, or as discrete sulphide 

minerals. Reported and predicted associations of elements with major base metal sulphide 

minerals typically occurring within hypothermal sulphide deposits are summarised in Table 6.2. 

Whilst the majority of the chalcophilic and siderophilic elements falling in this group can be 

expected to be enriched in hydrothermal copper sulphide deposits relative to their crustal 

abundance, the extent to which this enrichment occurs will be dependent on the co-deposition of 

other major base metals (Le. the total sulphide content and degree of polymetalliC character), as 

well as the average crustal abundance of the individual elements. Extensive enrichment of Se and 

Te is suggested on the grounds that these elements are both extremely scarce within the earth's 

crust, and occur mainly in association with copper sulphide minerals, relative to the other base 

metals. Other chalcophilic elements which can be expected to be relatively highly enriched in 

hydrothermal copper sulphide deposits include the precious metals (PGMs, Au and Ag), Mo and 

As, followed by the more abundant chalcophiles of Zn and Pb. The extent to which elements 

commonly associated with sulphides of Zn (Ge, Cd, In), Pb (Sb, Bi, Ag, TI and Hg), Mo (Re) and 

Fe (Ni, Co) are enriched will be dependent to a large extent on the distribution of these sulphides 

within the copper sulphide ore (Le. polymetalliC nature of the are), as well as the thermal stability of 

their dominant forms. Indium (In), thallium (TI) and, in particular, mercury (Hg), only form stable 

solid phases at relatively low temperatures (Le. in the epithermal temperature range) and are thus 

less likely to be associated with the relatively stable chalcopyrite mineral than other chalcophilic 

and siderophilic elements. 
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Table 6.2: Predicted and reported associations of chalcophiles and siderophiles with major base 

metal sulphide phases 

Reported associations Predicted associations 

(after Ayres et ai, 2002; On the basis of On the basis of 
Base metal sulphide Benzaazoua et al 2002; Cox, similarities in ionic similarities in 

1995; Hayes, 1985; Ripley et radii crystallisation 

ai, 1996; Rubenstein & 
temperatures 

Barsky, 2002; Seal & Foley, 
2002). 

Sphalerite (lnS) Cd (0.5-1), In (1%), Ga «0.1), Fe(II), Ni(II), Co(ll), As, Au, Fe, Cu, Pb, Ag, 
TI (up to 40 ppm), Ge «0.3), Cu(IO, As(III), In Bi, Se Te. 
Ag, Cu (0.26%), Se, Pb (III), Mo(IV)-Re(IV) 

Galena (PbS) Cd, TI, Se, Te, Bi, Ag, Sb, Bi(III), Hg(II), Ag(/), As, Au, Fe, Cu, Zn, Ag, 
Mn,Zn Au(l) Bi, Se, Te 

Chalcopyrite (CuFeS2) Cd, In (1%), Se, Te, Re, Pd, Fe(II), Ni(lI) - Fe, Pb, In, Au, Ag, As, 
Pt, P, Ir, Ru, Os, Bi, Mo, As, Co(II), In(II), Bi, Mo, Se, Te 
Co.Ge,Ga,Sn,Pb,ln,~, As(II~, In (III), 
Ag,Au Mo(1V)-Re(lV) 

Pyrite (FeS2) As (up to 7%), Hg, Se, TI, Cu, Cu(II), Ni(II)- Pb, In, Cu, Au, Ag, As, 
Pb (up to 0.6%), Co (up to Co(ll), In(II), Bi, Mo, Sb, Hg, Se, Te. 
3%), Ni (up to 9.6%), Cd , In As(III), In (III), 

Mo(lV)-Re(lV) 

Where elements in italics correspond to those which are generally considered to be commonly occurring co-
elements 

2. Accessory lithophilic co-elements commonly associated with post-magmatic, hydrothermal 

deposits: The lithophilic elements, occurring mainly as oxides (including simple oxides as well as 

complex oxides, such as carbonates and silicates) can be divided further into two sub-groups, viz. 

the major rock-forming lithophilic elements of Si, AI, Fe, Ca, K, Na and Mg which make up the bulk 

of the earth's crust, and the remaining lithophilic elements which are widely distributed as 

accessory minerals, occasionally occurring as local ore enrichments. As discussed in Chapter 3, 

lithophilic elements of relatively high charge density form oxides with relatively low melting points 

which, like the chalcophiles, crystallise from magmatic fluids in the hypothermal, and even 

mesothermal, post-magmatic temperature ranges. Such compounds include the relatively 

insoluble alkaline earth metal (mainly Ca and Ba) compounds with oxyanions (tungstate, borate, 

phosphate, sulphate and carbonate) and fluoride, as well as quartz, Sn(IV) oxide and elements 

such as Co, Ni and Ga which can occur as both sulphides and oxides within the earth's crust. 

Many of these elements (particularly Si, Ca, Mg) are abundant throughout the earth's crust, and 

hence, whilst they may occur in significant quantities within hydrothermal sulphide deposits, are 

unlikely to be significantly enriched relative to their crustal abundance. Notable exceptions are 

tungsten (W), tin (Sn) and boron (B) which are less abundantly distributed, and thus likely to occur 

in local hydrothermal deposits in significantly elevated quantities. 
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3. Major host rock-forming and magmatic accessory minerals: Hydrothermal deposits typically 

occur as veins within and/or are closely associated with late magmatic stage host rocks and their 

alteration products, particularly granitic igneous rock and granitic pegmatites (rich in Si, AI and K 

and depleted in Mg and Fe); intermediate alkaline (rich in alkali metals) and/or calc-alkaline (Ca 

enriched) rocks. Sulphide mineral deposits are also known to be associated with carbonate 

minerals in sedimentary limestone deposits. As discussed in Chapter 3 these rocks will also 

contain a number of accessory minerals with similar thermal properties to the major rock-forming 

minerals. In particular, granite pegmatites, which are coarse-grained irregular silicate vein-like 

deposits preCipitating from silica rich aqueous solution in the final stages of magma consolidation, 

frequently contain economically significant concentrations of accessory minerals and associated 

elements, including Be, Zr, Hf, Ta, Nb, REE (rare earth elements), U and Th. Although most ofthe 

elements occurring in this group, particularly the major rock-forming mineral elements, are likely to 

be associated with hydrothermal sulphide deposits to a Significant extent, enrichment relative to 

their average crustal abundance is not expected to be significant. 

6.2.2 Element distributions and associations during concentration of copper sulphide 

ore deposits 

As discussed in Chapter 4, the milling and flotation of run-of-mine copper ores entails size reduction 

and separation of mineral phases by physical means, and for the most part does not result in chemical 

changes to the mineral component of the ore. Deportment of minor and trace elements to the tailings 

will thus be largely dependent on their mineralogy, particularly speciation and mode of occurrence, in 

the sulphide ore body (Hayes, 1985; Wills, 1997). Elements present as, or associated with, discrete 

sulphide minerals will mainly deport to the copper-rich concentrate, whilst elements present as oxides, 

or as inclusions in the gangue and pyrite minerals, will report mainly to the tailings. Furthermore, 

elements such as iron and sulphur are associated with both copper (mainly chalcopyrite) and iron 

(mainly pyrite) sulphide minerals, and their concentrations within ore depOSits will be largely dependent 

on the ratios of the major minerals with which they are associated. 

In terms of deportment behaviour during concentration, the mineral and associated elements within a 

typical copper sulphide run-ot-mine ore can thus be divided into the following main groups: 

• Copper sulphide ore minerals (mainly chalcopyrite, and, to lesser extent bornite and chalcocite) 

• Iron sulphide ore minerals (mainly pyrite) 

• Minor to trace sulphide ore minerals, comprising the chalcophilic and siderophilic co-elements 

• Silicate (mainly K-AI silicates and quartz), carbonate (mainly calcite) and oxide (mainly iron and tin 

oxides) gangue minerals 
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6.3 Mass balance calculations and data reconciliation: Task 3 

As discUS"8d in Clw~tE!f 4. the di"tribution behav'K>\Jr of the targeted metal arid major are components 

i. generall~ fairly Wgll understood, and datH gHps and ir>C ons:st!!r'(:les pertaining to the main mineral 

groups anrl their major element comp:ments during minll1g and concentration of coppe, sulphide ore 

rleposits can thus 00 addressed on the basis of Hvailab;e datH and informHtioo through tile applcat;on 

of meaningful general,sations and simple mass balance caculHtions, In contrast, thg distribution 

behavK>ur of many of the trace and minor elements dur i-l g are formation and proce"ing is gerwrally 

~oorly understood, In accorrlarx:e with the te<.:hn <::al guidelines outlined in ChHpter 5 , thg oorivation of 

distribution and process inventory data pertalnng to these elements I'.ill require re<.:onciliatlOn of thg 

aVHilab le historical empirical data (Section 6_1) with a fundamental understandi1g of th8ir chemical 

behaviour during the formation, mining and concentrat K) n ot the copper sulphide ore deposit (Soction 

6,2)_ The generic protocol ~re"8nted in ChHpter 4 (Figure 4_3) for predk;tlng the chemical 

characteristics of are depoSits and beneficiatIOn "treams Iw" bgen adHpted to tillS particular case study 

in Figure 65. 
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In accordance with this framework, mass balance calculations pertaining to the main mineral groups 

and associated elements during the extraction and concentration of porphyry-type copper sulphide ore 

deposits are presented in Section 6.3.1. Section 6.3.2 is concerned with the derivation of a 

comprehensive list of potential element distribution factors and concentration ranges, through the 

reconciliation of available empirical and theoretical information generated in the previous sections of 

this chapter. 

6.3.1 Mass balance calculations pertaining to the concentrations and distributions 
of major mineral groups and associated elements 

The review in Section 6.1 indicated that the concentrate output streams are relatively well· 

characterised in comparison with the other early beneficiation streams (run-ot-mine ores, waste rock 

and tailings). Nevertheless, the mass balance calculations summarised in Table 6.3 indicate that the 

"typical" concentrations of the major elements (Cu, Fe and S) and sulphur/copper mass ratios, as 

reported by Ayres et al (2002) and Gordon (2002), can correspond to a relatively diverse range ot 

mineral compositions- the pyrite/copper mineral mass ratios typically varying from approximately 0.1/1 

to 0.8/1. 

Table 6.3: Predicted concentrations of the main mineral groups and associated elements in typical 

copper sulphide concentrates 

Component Component values 

Major sulphide ore minerals {kglt} 

Chalcopyrite 700 550 450 370 200 
Bornite 10 80 40 80 80 
Chalcocite 10 10 90 90 180 
Total copper sulphide minerals 720 640 580 540 460 

Pyrite 100 150 200 230 350 

Total 820 790 780 770 810 

Major gangue minerals (kglt) 100-160 130-190 140-200 150-210 110-170 

Trace-minor sulphide ore minerals (kglt) 20-80 20-80 20-80 20-80 20-80 

Major sulphide ore elements {kglt} 

Copper 259 252 256 266 266 
Iron 307 289 276 269 274 
Sulphur 318 310 308 306 330 

Mass ratios (tit) 

S/Cu 1.2 1.2 1.2 1.2 1.2 
Pyrite/copper sulphide minerals 0.14 0.23 0.34 0.43 0.76 

Mass balance calculations pertaining to the concentrations and distributions of the main mineral 

groups and associated elements during mining and concentration of copper sulphide ore deposits, as 

a function of iron sulphide/copper sulphide mineral ratios in the concentrate, are presented in Table 

6.4. Detailed mass balance calculations and assumptions are presented in Appendix 6.3. 
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Table 6.4: Predicted concentrations and distributions of major mineral groups and associated elements during mining and concentration of 
porphyry-type copper sulphide ore deposits 

High pyrite/chalcopyrite mass ratios Moderate pyrite/chalcopyrite mass ratios low pyrite/chalcopyrite mass ratios 

ROM ore Cone. Tailings 
Waste 

ROM are Conc. Tailings Waste ROM ore Conc. Tailings Waste rock rock rock 
Concentrations (%) 

Copper sulphide minerals 1.4 46 0.08-0.2 0.1-0.2 1.9 64 0.2 0.3 2.1 72 0.2 0.3 
Pyrite 9.2-18.4 35 8.5-18 1.5-3 4.0-7.9 15 3.7-7.7 0.64-1.3 2.6-5.3 10 2.4-5.1 0.43-0.90 

Trace/minor ore minerals 0.3-0.8 2·8 0.02-0.09 0.01-0.05 0.3-0.8 2-8 0.02-0.09 0.01-0.05 0.3-0.8 2-8 0.02-0.09 0.01-0.05 
lithophilic gangue 80.1-91.3 11-17 81.8-91.4 96.8-98.3 90-94 13-19 92.0-95.9 98.4-99.0 93-95 10-16 94.8-97.3 98.8-99.2 

Silicate gangue minerals 72-78 10-17 74-80 85-94 87-94 12-19 81-88 86-95 86-94 9-16 88-96 90-99 
Carbonate gangue s9 S1.6 s9 s10 S9 S1.9 s9.2 s9.7 S9.6 s1.6 s 9.8 S10 

Copper 0.78-0.82 26.6 0.08-0.13 0.15-0.2 0.74-0.78 25.2 0.08-0.12 0.15-0.2 0.76-0.80 26.0 0.08-0.12 0.15-0.2 
Iron 4.7-9.2 27.4 4.2-8.8 0.8-1.5 2.5-4.4 28.9 1.8-3.8 0.4-0.7 1.9-3.2 30.7 1.2-2.6 0.3-0.52 

Sulphur 5.6-10.8 33.0 4.8-10.2 0.9-1.7 4-5.1 31.0 3.7-4.4 0.6-0.8 2.3-3.7 31.8 1.5-3.0 0.4-0.6 
Silica 25-27 3-5 26-28 27-30 25.7-40.2 3.7-5.8 26.3-41.1 27.7-43.4 16-22 2.8-3.9 16-23.5 17-24 

Aluminium 8-9 1-1.7 8-9 9-10 8.3-13.2 1.2-1.9 8.5-13.5 9-14.2 5.3-9.2 0.9-1.6 5.4-9.4 5.6-9.9 
Calcium S4 SO.5 s4 s.4.4 S4.2 SO.6 S4.2 s6.5 s3 SO.5 s3 S3 

Magnesium 0.6 s 0.1 0.6 0.7 0.6-1.0 SO.1 0.6-1 0.6-1 0.3-0.6 s 0.1 0.3-0.6 0.-0.6 
Potassium 6.5-7 0.8-1.3 6.5-7 7-7.5 7-11 H.6 7-11 7.5-12 4.6-7.5 0.8-1.3 4.7-7.7 4.9-8.0 

Sodium 1-1.6 SO.3 H.6 1.1-1.7 1.4-2 SO.3 1.4-2.1 1.5-2.2 0.8-1.7 SO.3 0.9-1.8 0.9-1.8 
Distribution mass ratios 

Copper sulphide minerals 1 0.85-0.9 0.10-0.15 0.35-0.47 1 0.85-0.9 0.10-0.15 0.3 1 0.85-0.9 0.10-0.15 0.3 
Pyrite 1 0.05-0.1 0.90-0.95 0.35-0.47 1 0.05-0.1 0.90-0.95 0.3 1 0.05-0.1 0.90-0.95 0.3 

Trace/minor are minerals 1 0.70-0.90 0.10-0.30 0.35-0.47 1 0.70-0.90 0.10-0.30 0.3 1 0.70-0.90 0.10-0.30 0.3 
lithophilic gangue 1 0.003-0.006 0.994-0.997 2-2.2 1 0.003-0.006 0.994-0.997 2-2.2 1 0.003-0.006 0.994-0.997 2-2.2 

Copper 1 0.85-0.90 0.10-0.15 0.35-0.47 1 0.85-0.90 0.10-0.15 0.3 1 0.85-0.90 0.85-0.90 0.3 
Iron 1 0.08-0.15 0.86-0.93 0.35-0.07 1 0.17-0.31 0.69-0.83 0.3 1 0.25-0.36 0.64-0.75 0.3 

Sulphur 1 0.08-0.16 0.84-0.92 0.35-0.47 1 0.16-0.28 0.72-0.84 0.3 1 0.22-0.37 0.63-0.78 0.3 

Pyrite/copper mineral 
7-14 0.76 62-130 7-14 2-4 0.23 19-40 2-4 1-2.5 0.14 7-15 1-2.5 ratios 

Total mass ratios: 

concentrate/ROM ore: 0.0311; flotation tailings/ROM are: 0.97/1; waste rock/ROM ore: 1.8/1 
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tailings from milling and flotation, increases as the mass ratios of pyrite to copper sulphide minerals in 

the ore and concentrate increase. 

6.3.2 Derivation of individual element distribution and concentration data ranges 

Predicted element distribution factors 

Reconciled enrichment factors for individual elements in typical porphyry copper sulphide ores, tailings 

and concentrate streams are summarised in Table 6.5. Detailed calculations are presented in 

Appendix 6.4. 

Reconciliation of available quantitative data (Section 6.1.1) with the qualitative predictions (Section 

6.2.1) confirms that the extent of enrichment of elements in copper sulphide ores is highly dependent 

on both their stable forms under the high temperature reducing conditions corresponding to the 

formation of hypo- to meso- hydrothermal deposits, as well as their relative abundance within the 

earth's crust and within other base-metal deposits. As predicted, available analytical data indicates 

that the chalcophilic and siderophilic elements are generally enriched to a significant extent, 

particularly in the case of the scarce to trace elements (Se, Te, precious metals, As, Sb, Bi, Cd, Re & 

Mo), all of which may be enriched in copper sulphide are deposits to an even greater extent than 

copper. Exceptions to the rule include indium, thallium and mercury (enrichment factors < 20), the 

solid sulphide and elemental forms of which are considerably less stable than chalcopyrite. The 

relatively extensive enrichment of arsenic and antimony in typical porphyry-type copper sulphide 

deposits indicates that these elements are likely to be present as the more thermally stable forms of 

arsenopyrite (FeAsS) and tetrahedrite ({CuFe)12Sb4S13) respectively. Available analytical results also 

confirm that the only lithophilic elements which are consistently enriched to a relatively Significant 

extent in hydrothermal copper sulphide deposits are those of boron, tungsten and tin, with maximum 

enrichment factors of up to a 100. The remaining lithophilic elements vary from being slightly depleted 

(enrichment factors <1) to slightly enriched (enrichment factors of 0.1-10), with the maximum 

enrichment factors decreasing as the average crustal abundance increases. 

Potential element distributions during subsequent milling and flotation of the porphyry-type ROM ores 

have been predicted by reconciling available empirical deportment data (Section 6.1.2); an 

understanding of the forms of the elements within typical porphyry-type copper sulphide are deposits 

and the distribution behaviour of such during flotation (Section 6.2.2); and the results of the mass 

balance calculations pertaining to the concentrations and distributions of major mineral groups and 

associated elements (Section 6.3.1). Estimated tailings-to-ROM ore mass distribution ratios are as 

follows: 

• Lithophilic gangue elements: 0.994-0.997 
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'" Copper: 0.1-0.15 

'" Fe and S: 0.59-0.63 

'" Other chalcophilic and siderophilic elements: 0.1-0.3 

Subsequent calculation of the extents to which elements are enriched in the tailings relative to their 

average crustal abundance (see Table 6.5) indicate that the enrichment of lithophilic gangue elements 

in the tailings is similar to that within the parent ore. That is, the only lithophilic elements which are 

consistently enriched to a relatively significant extent in copper sulphide tailings are those of boron, 

tungsten and tin. Whilst iron and sulphur deport to the tailings output stream to a significant extent (> 

60%) during flotation of the run-of-mine are, the other chalcophilic and siderophilic elements report to· 

the tailings only partially « 30%). However, although depleted relative to the parent ore, many of these 

elements, particularly the scare to trace elements, may still be highly enriched in the tailings relative to 

their average crustal abundance. In such cases this could have significant consequences in terms of 

environmental impact (e.g. arsenic and cadmium), as well as losses in potentially valuable metal 

resources (e.g. precious metals). 

The results in Table 6.5 also indicate that the lithophilic elements are generally depleted in the 

concentrate output stream relative to their average crustal abundance, with only B, Sn and W likely to 

be enriched to any significant extent. In contrast, many of the scarce to trace chalcophilic and 

siderophilic elements (including precious metals, As, Sb, Bi, Cd, Re & Mo and, in particular, Se and 

Te) are likely to be enriched to a significant extent in copper sulphide concentrates, in some cases to 

an even greater extent than copper. This can be attributed to a combination of high enrichment in 

typical copper sulphide ores, as well as extensive deportment to the concentrate output stream during 

subsequent beneficiation (> 30%). Other chalcophiles which may be enriched to a significant extent in 

these concentrates include Zn, Pb, In, TI, Hg, Ge and, to a lesser extent, Ni and Co. 
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Table 6.5: Predicted enrichment factors for elements in typical porphyry-type copper sulphide ores, 
tailings and concentrates 

Group description 

I 
Relative 

! 
Elements 

i 
Enrichment factors(l) 

I 
I natural 

I abundance j Ore I Tailings(2) I Concentrate(2) i I 

I: Chalcophiles and siderophiles 

I Scarce I Te-Se i 100-1000 II' 10-300 i 3000-34000 

I I Cu I 100-200 I 15-25 I 4500-5000 IA Hypothermal to mesothermal 
elements associated mainly 
with copper sulphide ores 

I Minor "~II i,! i,! I 
, Mdt I S 50-200 20-200 ',I, i 0 era ey ! i 400-600 
I abundant II! ! 

--------------------------------------------------------+---------------------------+----------------------------------1-------------------+-------------------+----------------------------
I I I I ! 
! Scarce-trace ! PGMs-Ag-Au, As- I 10-1000! 1-300 ! 250-34000· 
I: f I 

IB: Hypothermal to I I Sb-Bi, Cd, Re-Mo , 1 I 
mesothermal elements I ! I i I 
associated with copper and/or I Minor I Zn- Pb '2-20 I 0.2-6 I 50-700 
other sulphide ores i I Iii I Major I Fe I 0.2-2 I 0.2-2 i 3-6 

~---------------------------------------------------------~----------------------------~----------------------------------~------------------~-------------------1-----------.--------.-------
I I I: I 

IC: Elements occurring mainly i S iii 'II 'carce ' In-TI-Hg' , 
as epithermal, volatile minerals 1 i i 2-20 i 0.2-6 ! 50-700 

I I I I I 

__________________________________________ . _______________ L ____________________________ l ___________________________________ l _______ ~ ________ ~ __ l _____________ ~ _____ 1 ___________________________ _ 

II Intermediate elements 

Elements occurring as sulphide Trace 
as well as oxides in natural 
environments 

III: Lithophilic elements 

IliA: Elements mainly 
aSSOCiated with post-magmatic 
hydrothermal deposits 

IIIB: elements commonly 
occurring as accessory 
minerals in acid and pegmatitic 

rocks (late magmatic 
'''5) 

mc: elements commonly 
occurring as accessory 
minerals in basic and ultrabasic 
rocks 

IIID: major rock-forming 
lithophilic elements 

Minor 

Trace 

Moderately 
abundant 

Scarce -minor 

Moderately 
abundant 

Trace-minor 

Moderately 
abundant 

Major 

Ge 

Ni-Co 

B-Sn-W 

P 

Ta-Nb-REE-8e­
Hf, Li, Br, I 

F-CI, Rb, Zr 

SC,Ga, U 

8a-Sr, V-Cr-Ti-Mn 

Si, AI, K-Na, Mg­
Ca 

2-20 0.2-6 50-700 

0.1-2 <1 3-70 

5-100 5-100 0.6-25 

0.1-5 0.1-5 0.01-1 

0.1-10 0.1-10 0.01-2 

0.1-5 0.1-5 0.01-1 

0.1-5 0.1-5 0.01-1 

0.1-2 0.1-2 0.01-0.5 

0.1-1.2 0.1-1.2 0.01-0.3 

(1) Relative to average crustal abundance: Scarce elements::s; 1ppm; trace elements: 1< ppm:s; 10; minor 

elements: 10< ppm < 100; moderately abundant elements: 100 :s; ppm<1 0 000; major elements> 10 0000 

(2) Based on tailings/ore mass distribution ratios: 0.994-0.997 for lithophilic gangue elements; 0.1-0.15 for 

copper; 0.59-0.93 for Fe and S; 0.1-0.3 for other sulphide-associated (chalcophilic and siderophilic) elements 
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• Predicted element concentration ranges 

Predicted data pertaining to the concentrations of elements in porphyry-type copper sulphide ores, 

tailings and concentrates is presented in Table 6.6. Calculations are detailed in Appendix 6.4. 

Table 6.6: Predicted element concentration ranges for porphyry-type copper sulphide ores, tailings and 

concentrates 

Sulphide ore-forming elements Lithophilic gangue-forming elements 
Element lOre ! Tailings I Concentrate Element lOre I Tailings ! Concentrate 

Major ore elements (%) 
Cu I 0.5-1.0 ! 0.08-0.13 I 25-30 Si! 21-34 ! 21-35 ! 2.5-8 

------------------+----------------------~-----------------------+------------------------ -----------------+---------------------+-----------------------1-------------------------
Fe ! 1-10 i 0.8-9.5 I 15-30 AI i 4-10 i 4-10 i 0.5-2.2 

---------------~-+----------------------:_----------------------7------------------------ -----------------T---------------------1""'---------------------;-----.1-------------------
S i 2-11 ! 1.0-11 ! 20-30 Mg i 0.2-3 ! 0.2-2.6 i 0.02-0.6 ------------------t---------------------t-----------------------t------------------------ -----------------t---------------------t----------------------t------------------------
iii K i 0.3-3.4 i 0.3-3.5 i 0.03-0.8 

~~~~~~~~~~~~=~~~:r:::::::::::::::::::I:::~:::::::::::=::1::::::::::::::::::::::: :::::::~~::::::[:=:~~~~~:::::I::~:~~±~~~~:::]:::::~~~E~~~~::::: 
iii Na I 0.3-3 I 0.3-3.2 i 0.03-0.7 

Moderately abundant ore elements (ppm) 

_______ ~~ ______ J __ ~_~~:_!~g_J------~-~:~~g-____ L~22~:-~_~_9.22 _________ Ij ______ J_~_~9.:~~22 ___ L-~2~-~-9.9.~---L---~~:~2gg _____ _ 
I I I I I I 

-------~~-------_I_----~~:~gg------~-------~:-!2g----t--~~9.:_!_!_9.9.9. ___________ ~ _______ t---~-9.~-=~222---t---!22:-~-~-9.~---_I_---__ ~_~:_!~g_9. ___ _ 
-------~~-------L---~:!~g-9.----L-----~:~~g------L-~-~~:~3_9.9.9. ___________ ~ _______ L--~-9.:~~22----L--§2:-~-9.9.~----L-----~:~~g _______ _ 

Mo i 15-1500 I 2-450 ! 400-50000 Mn I 100-2000 I 100-2000 I 11-450 
------------------+--------------------+-----------------------+----------------------- -----------------+------------------i-----------------------+------------------------
________ ~~ _____ J-----~:~2g-----_L----2:3-~~~--__ J-----~~~Xg_9.9. _____ ________ ~ _______ L--?.9.:!~22----L--~2:-~-9.9.~----L-----~:~~_~ _______ _ 
_______ ~~ _______ ~------~:~2.~-------~------2:3-~~~-----_+ _____ ~~:_~_~_~9. _____ -------~~-----J----~9.:~~2-----L---~~:-~~9.-----t-------~:~g-~--------

Cd I 2-200 ! 0.2-60 I 50-6840 REE i 10-850 i 10-870 I 1-190 
-------Ni------T-----a:-150-----T-------1-:50-------T---200:5000---- -------s-~-----T----30:600----T----30--600----T------3=-13-0-------

-~~~~~~~~~~~~::~I:~:~~~~~~i~~~~J~:~:~:~:I~~:~~~~~~~~r~~~~~~~~~~~~~~~ ~:~::::~~~~~~~~r~~~~~9~~~~~~:~:[~:~!~~~~~~~:~:r~:~::I~:i~~~~~~~~~~ 
i I I Zr I 1 0-500 i 50-500 i 1-11 0 

-------------------+--------------------+---------------------+---------------------- ----------------+---------------------+--------------------+------------------------

----------------..1--------------------L---------------------L--------------------- _______ ~~ ______ L---~-9.:~22-----L---~2:~9.9.-----L-----!=-!-!g-------
-----------------J-------------------J-------------------..1------------------------ --------~------J----~-~:~22-----L---~~~~~9.----J-------~:.?g---------

i i ! Li I 5-300 i 15-300 ! 0.5-70 
9 _________________ + ______________________ ~------------__________ + _________________________________________ + _____________________ + ______________________ + _______________________ _ 
iii Sn I 15-300 i 15-300 I 2-70 

------------------+---------------------+-----------------------+------------------------ -----------------t--------------------+----------------------+------------------------

t' i i Cr , 10-200 I 10-200 i 1-50 
------------------ ----------------------r---------------------+------------------------ ----------------+-------------------+----------------------T-----------------------

i i Nb I 2-200 i 10-200 i 0.1-40 
------------------t---------------------+-----------------------+------------------------ ----------------+--------------------+----------------------+------------------------

! i i W i 5-100 i 5-100 I 0.5-20 ' 

Minor ore elements (ppm) 
Ag 1.0-70 0.1-20 20-2500 Ga i 2-80 , 2-80 , 0.1-15 1-----.,----"',----_ .. +_ .. _---_ .. ----_ .. _----,+--,._----,-----"----"-t--"-----,·-----,·-----··---i---------------+---------------------+----------------------+------------------------

2.5-50 0.3-15 70-1700 Sc i 1-70 I 1-70 i 0.1-15 
I-------------------i,----··-----,----------+------,·----· .. ----,-----t--------,·----··-----,-----i------------------t---------------------;-----------------------1"-----------------------

Ge 2-20 0.5-10 80-1000 Be i 0.5-30 i 1-30 i 0.2-5 
~------------------I-----"-----,-----------+------,.---- .. -----,-----+--------,.----.. -----,-----~-----------------+---------------------~-----------------------+------------------------

Hf i 0.5-25 i 0.5-30 I <0.1-5 

!-_________ , _____ ., ___ J ______ .. _______________ .,L ________ "'. ____ ., _________ L, __________ , _____ ., _______ J~~~~~~~~~~=~]~~~~~~~§~?~~=~~r~~~~~~~~~~~~~~~I~~~~~~~~~I:~~~~~~~~ 

Co 

Trace ore elements (ppm) 

::~:~::~F~=:F~~~t.~\~~:~:~:F~:~:~~%tr~~~~~F~~~~\~~!It-~:~:~: ~~:~:~~¥~::::~:F~:~:~~:~{~:~:::~F:~~~~\~f~~~:~~:F~~~:~~:d~:~~:~:~~~~ 
------------------"t"----------------------i-----------------------"t"------------------------ -----~-----------_;_-------------------t_---------------------1"------------------------

Au i 0.04-4 I 0.002-1 +' 1-140 I! <1-5 i 0.05-5 i <0.01-1 -----------------t---------------------r----------------------- ----------------------- --------------t---------------------t----------------------+------------------------

:~:~:~:8~~:~~::t:~:~~~~~:!~~~:~:~t~}~9~~~~~::~t:::~:~~~~t~~_~~ =:~:~~~:~:~:~:j:::::::=:==~:~::j::~:=~:~=:~:::~::::i:::::~~::~:~:~:~:~:~:~: 
Scarce ore elements (ppm) 

------------------T-------------~--------r-----------------------T------------------------ -----------------T------------------T----------------------T------------------------
Te I 0.1-1.0 ! 0.01-0.5 I 3-30 ! ! : 

------------------+----------------------r----------------------+---------------------~-- -----------------+---------------------+---------------------+------------------------
In i 0.1-1 i 0.01-0.5 I 3-50 iii 

-----------------+---------------------~---------------------+------------------------ ---------------+---------------------r--------------------1"------------------------
Re I 0.01-1 I <0.01-0.5 I 0.5-30 i : ! 
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Detailed predictions indicate that the concentrations of lithophilic gangue elements as well as Fe and S 

in the tailings are similar to the concentration levels in the parent ore, whilst the concentrations of other 

chalcophiles and siderophiles are generally lower. In the case of concentrates, the concentrations of 

lithophilic gangue elements are generally considerably lower, and those of the chalcophiles and 

siderophiles much higher, than the concentrations levels in the parent ore. 

Predicted data relating to mineralogical compositions of typical porphyry copper sulphide ores, tailings 

and concentrates is summarised in Table 6.7. Details pertaining to element speciation in these input­

output streams are presented in Appendix 6.4. 

6.4 Summary and concluding remarks 

The specific aim of this chapter was to demonstrate application of the generalised methodologies and 

criteria developed within the preceding chapters of the thesis in terms of addressing current data gaps 

and inconsistencies pertaining to the compositions of early beneficiation input-output streams 

associated with the primary copper industry. This entailed the generation of a comprehensive 

inventory list of trace, minor and major elements across the ore-+miliing-+flotation processing chain, 

through reconciliation of available historical data with a fundamental understanding of the factors 

influencing element properties and chemical distribution behaviours during the formation, extraction 

and flotation of generic porphyry-type copper sulphide ore deposits. 

Whilst the predicted inventory lists are considerably more complete and less dispersed than those 

compiled on the basis of available historical data alone, predicted element concentration ranges for 

the generic porphyry-type copper sulphide run-of-mine ores, tailings and concentrates remain 

relatively broad. This can be attributed mainly to the large number of site-specific factors (including 

local geology, hydrology and climatology) influencing the deportment of elements to, and 

concentrations within, such deposits. Significant differences in terms of element enrichment factors 

and concentration levels can thus occur within deposits arising from different environmental regions 

(and even within different zones of the same deposit), resulting in relatively high levels of uncertainty 

pertaining to generic data on mineral deposits, and consequently in the streams arising from the 

beneficiation thereof. An improved quantitative understanding of the relationship between the chemical 

characteristics of ore deposits and their genesis will greatly improve the quality of feed-forward 

predictions of process inventory streams, such as that conducted within this chapter. Recent years 

have seen the development of a number of advanced methods, including the JKTech's Mineral 

Liberation Analyser (MLA)9 and Inteliection/CSIRO's QEMSCAN™ analyser10
, for the quantitative 

mineralogical analysis of complex ore bodies, as well as a number of research initiatives focusing on 

the improved understanding of the genesis of ore bodies and the fundamental relationships between 

ore characteristics and subsequent beneficiation processes (see for example current research 

9 Julius Kruttschnitt Mineral Reseach Centre (www.jktech.com.au) 

10 Intellection-CSIRO (www.csiro.au) 
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initiatives by the ARC Centre of Excellence in Ore Deposits11 at the University of Tasmania). A recent 

"school" held by the South African Institute of Mining and Metallurgy (2005) has, however, indicated 

that current studies on ore deposits are still concerned primarily with techno-economic optimisation of 

ore processing operations, with virtually no links being made between ore characteristics and 

environmental performance. 

Nevertheless, the generic case study conducted in this chapter provided data of key significance in 

terms of early stage decision-making, as well as further data collection and risk assessment studies in 

later design stages. In particular, the generic predictions have indicated that a number of the 

chalcophilic co-elements (i.e. elements commonly occurring as sulphide in non-oxidising 

environment), as well as the siderophilic co-elements (i.e. elements generally occurring as either 

sulphides or uncombined form-PGMs, Au and Ag) are enriched to a significant extent relative to their 

average crustal abundance in copper sulphide ore deposits, some to an even greater extent than the 

targeted copper metal. As indicated in Chapter 2 of the thesis, many of these chalcophilic elements 

are highly to acutely toxic (As, Cd, Sb, Se and Te), whilst the siderophilic elements are generally of 

high economic value. Subsequent deportment of these elements to tailings and/or concentrate outputs 

can have significant implications in terms of environmental impact, as well as losses in potentially 

valuable metal resources. 

Elements in the copper sulphide tailings output stream are screened and ranked in accordance with 

their relative environmental significance in Chapter 7 of the thesis. Chapter 8 investigates the potential 

distributions of constituents within the concentrate output stream during subsequent smelting 

operations. 

11 www.codes.utas.edu.au 
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Table 6.7: Predicted concentrations of main mineral groups and their major components in porphyry­

type copper sulphide ores, tailings and concentrates 

Mineral group Typical concentration (%) Major minerals comprising each group 

Ore Tailings Concentrate 

Sulphide minerals 
.. Chalcopyrite: 43-97% of total 

Copper sulphide 1.5-2.0 0.08-0.2 45-70 
minerals 

.. Bornite: up to 39% of total 

.. Chalcocite: up to 17% 
------------------------------------------ ----------------------- ------------------------ --------------------------

__________ ~ __ ~D __ ~ _________________________________________________ ~ ____ 

Iron sulphide 
2.5-18 2-18 10-35 Mainly pyrite minerals ----------------------------------------- ----------------------- ------------------------ ------------------------- --------------------------------------------------------------------------.. Arsenopyrite: up to 10% of totar 

Trace to minor .. Sphalerites: up to 66% of total 
sulphide minerals 

0.3-0.8 0.02-0.09 2-8 Galena: typically 10% of total .. 
.. Molybdenite: typically 8% of total 

----------------------------------------- ----------------------- _______ w ___ w ____________ -------------------------- --------------------------------------------------------~----------------

Total 4-20 2-18 77-82 

Lithophilic gangue .. Quartz: 35-45% 
.. K-Feldspar:20- 25% 

Silicate gangue 
72-94 82-96 10-20 .. Albite:s10% minerals .. Biotite: s10% 

.. Muscovite and/or chlorite: S10% 
------------------------------------------ ----------------------- ------------------------ -------------------------- --------------------------------------------------------------------------

Carbonate gangue 0.5-7 0.5-7.5 0.1-1.5 
Mainly calcite with lesser amounts of 

minerals dolomite, ankerite and/or siderite 
------------------------------------------ ----------------------- ------------------------ -------------------------- --------------------------------------------------------------------------.. Cassiterite (Sn02) 

.. Iron oxides (magnetite and 
haematite) 

.. Ti minerals (sphene, ilmenite and 
rutile) 

.. Apatite (Ca5(P04h(F, CI. OH)) 

Trace to minor .. Barite (BaS04) 
0.5-7 0.5-7.5 0.1-1.5 

gangue minerals .. Anhydrite (CaS04) 
.. Fluorite (CaF2) 

.. Tourmaline 

(NaFe3Als(B03)Sis018{OH)4 
.. Rhodocrosite (MnC03) 
.. Zircon (ZrSi04) 

.. REE minerals (monazite) 
------------------------------------------ ----------------------- ------------------------ --------------------------

____________________________________ ri _______ ri _____________________________ 

Total 80-95 84-98 10-20 
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Appendix 6.1: Available data pertaining to input .. output streams 

associated with the mining and beneficiation of copper sulphide ores 

Mining and concentration streams: Element concentrations 

Component Run-of-mine Concentrate Tailings Waste rock 
ore (kg/t) (kg/t) (kg/t) (kg/t) 

Major ore components 
1.8_22(1,11,12,14,18) 137-471 (1, 2,3,4,5,6,11,12, 18) 0.3_20(1,3,7,8,11,12.17) 0.7_3.6(10,13) Copper 

Iron 0.5_294(1.12,14) 85_330(1,2,3,4,5,12) 9_740(1,3,7,8,12,17) 27 _68(10,13) 

Sulphur 4_80(1,14) 150_370(1,2,3,4,5) 3_109(1,3,6,7,9) 7_389(9,13) 

Minor ore components 
0.02_4.5(1,12,14) 0.15-80(1, 2,3,4,12) 0.03_4.5(13,7,12) Arsenic n/a 

Lead <0.1_132(1.14) 0.14_6.7(1,2,3) 0.01_0.9(1,3,7,17) n/a 
Molybdenum <0.1_2(14,18) 0_12.7(2,3,18) 0.03-0.5(3,7) n/a 
Zinc <0.1_133(1,12,14) 0.2_40(1,2,3,12) 0.02_4.3(1,3,7,12,17) 0.1-0.8(13) 
Trace ore components 

0.05-13,1 (1, 2,3,4.11.14) 0.02_5(1,2,3,4,12) 0.07 -13.1 (3,7,12) Antimony n/a 
Bismuth 0.0002_1.5(1,2.3.4.11 .14) <0.03-0.9(2,3) <0.1(3) n/a 
Boron 0.04-2(14) <0.002-0.1 (2.3) n/a n/a 
Cadmium <0.001-0.2(14) 0-0.09(2,3) <0.1(3) n/a 
Chromium 0.03_1(14) 0.02-0.14(2,3) 0.005-0.3(3,7) n/a 
Cobalt 0.02-0.3(14) 0.02-0.29(2.3) 1.4(3) n/a 
Germanium n/a 2.9(3) n/a n/a 
Gold <0.001-0.18(2,14) 0.0002_0.07(1,2,3,4,11) 0.0001-0.0002 (11) n/a 
Indium 0.0005-0.001 (11) 0.03_0.26(3,12) 0-0.0005(3,12) n/a 
Manganese <0.05_5(12,14) 0.05-0.17(2,3) 0.05-1 (3,7) <3.1(13) 

Mercury <0.001-0.002(14) <0.0002-0.24 (2,3, 12) 0.008-0.014(3,12) n/a 
Nickel <0.0001_0.2(14,15) 0.1(2) 0.2(3) n/a 
Palladium n/a 0.00003-0.00005(15) n/a n/a 
Platinum n/a n/a n/a n/a 
Phosphorous n/a 0.13-1.01 (2,3) 4.7(3) n/a 
Rhenium 0.01-2(16) n/a n/a n/a 
Selenium 0.005_0.4(14,16) 1.96(3) <0.1(3) n/a 
Tellurium <0.005-3(14) <0.005-0.02(2,3) n/a n/a 
Thallium <0.001-0.002(14) 0.00(3) n/a n/a 
Silver 0.001_0.3(12,14) 0.02_1.3(1,2,3,4,12) 0.004-0.01 (3.12) n/a 
Tin 0.005_1.8(12,14) <0.003_4.6(2,3,12) <0.1_0.2(3,12) n/a 
Titanium 1_10(14) 0.12-5(2,3) 0.5-3.6(3,7) <4.2(13) 

Tungsten <0.1-0.3(14) 0.00(3) 0.2(3) n/a 
Vanadium <0.1-0.7(14) 0.01-0.1 (2,3) 0.07 _0.22(3,7) n/a 
Zirconium 0.1_0.3(14) 0.02-0.07(2,3) 0.1 (3) n/a 
Major/minor gangue 

40_95(14) 2.5_35.5(2,3,4) 8.2-102(3.7) 77-80.5(13) Aluminium 
Calcium 0.6_53.3(1,14) 1 .4-14(1, 2,3,4,5) 2.5-61 (1,3,7) 20.7-37.8(13) 
Magnesium 0.2_30(14) 0.15_12(2,3.4,5) 2.5_26(3.7) 7.6-12.4(13) 
Potassium 1_87(14) 0.3-14(2,3) 3.7-56(3,7) 39-56(13) 
Silica 210-350(1,14) 8-170(1, 2,3,4,5) 180-302(1.3) 281_350(10.13) 

Sodium 6_37(14) 0.07-13.9(2,3) <0.1-13(3,7) 8.2_17(13) 

Minor/trace gangue 
0.05-5(14) <0.04-0.3(2) 0.1_1(3,7) <5.4(13) Barium 

Chloride n/a 0.1(3) 2.4(3) n/a 
Fluoride n/a 0.1-0,2(3) <0.005(3) n/a 
Strontium 0.8(14) 0.01-0.38(2,3) <0.1(3) n/a 
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Mining and concentration streams: Mineral concentrations 

Mineral Run-of-mine Concentrates Tailings Waste 
ore (%) (%) (%) rock (%) 

Major copper sulphide are minerals 
22.6(12) 3_83(2.6) 0.29-1.1 (12) <0.1-0.8(10) Chalcopyrite:CuFeS2 

Bornite: CUSFeS4 n/a 7-10(2) n/a n/a 
Chalcocite: CU2S n/a 1_46(2.6) n/a <0.3(10) 
Total 22.6(12) 23_84(2,6) n/a <0.1_0.8(10) 
Iron sulphide are minerals 

49(12) 3_36(2,6,12) 1_55(7,12) 3.3_4(10) Pyrite: FeS2 
Pyrrhotite: FeS n/a 0-1(2) n/a n/a 
Total 49(12) 3_36(2,6,12) n/a n/a 
Other minor sulphide are minerals 

0_2(2) Molybdenite: MoS2 n/a n/a n/a 
Sphalerite: ZnS 1.09(12) 0_3.13(2,12) n/a n/a 
Galena: PbS n/a 0_1(2) n/a n/a 
Enargite: CUSASS4 n/a <1(2) n/a n/a 
Tetrahedrite: (CuFe)'2Sb4S13 0.54(12) 0_2(2,12) 0.03-0.24(12) n/a 
Tennanite: (CuFe)As4S13 1.14(12) 0_3(2,12) 0.58-0.68(12) n/a 
Bismutite: Bi2S3 n/a 0_1(2) n/a n/a 
Arsenopyrite: FeAsS2 n/a <1(2) n/a n/a 
Stibnite: Sb2S3 n/a <1(2) n/a n/a 
Stannite: CU2FeSnS4 0.67(12) 0_1.7(2,12) 0.07'12) n/a 
Acanthite: Ag2S n/a <1(2) n/a n/a 
Total 3.44(12) 2_4(2) n/a n/a 
Minor non-sulphide are minerals 

0_8(2) Iron oxides (magnetite. goethite) n/a n/a n/a 
Sphene: CaTiSiOs n/a 0_1(2) n/a n/a 
Ilmenite: FeTi03 n/a <1(2) n/a n/a 
Wolframite: (Fe,Mn)W04 n/a 0-1 (2) n/a n/a 
Electrum: AuAg n/a <1(2) n/a n/a 
Total n/a 0_8(2) n/a n/a 
Silicate gangue minerals 

10_27(2,6) 29_68(10) Quartz: Si02 n/a n/a 
K-AI-silicates n/a 10-22 (2,6) n/a 4-40(10) 

Total n/a 10_49(2,6) n/a 72(10) 

Carbonate gangue minerals 
<0.5(2.6) Ankerite: Ca(Fe,Mg)(COS)2 n/a n/a n/a 

Calcite: CaC03 n/a <0.5(2,6) n/a n/a 
Siderite: FeCOs n/a <1(2,6) n/a n/a 
Dolomite: CaMg(C03)2 n/a 0_2(2,6) n/a n/a 
Total n/a 0_4(2,6) 0.2-8(9) <0.1-8(9) 
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Appendix 6.2 

Appendix 6.2: Available data and information pertaining to copper 

sulphide ore deposits 

General description of copper deposit classes 

(after Cox & Singer, 2003; Cox et al 2003; du Bray, 1996; Mining Journal editorial, 1995; Seal & Foley, 

2002) 

• Porphyry deposits 

Porphyry copper deposits are large, low-grade deposits of copper disseminated in acidic igneous 

rock and secondary clay minerals on the earth's surface. Copper values typically vary between 

0.2-0.5%, with a high of 2%), with sulphur occurring between 0.4% and 8%. Copper commonly 

occurs with molybdenum and lor gold and silver, forming porphyry CuoMo and Cu-Au sub-groups. 

Porphyry deposits account for Y2 the world's mine production and 93% of the US mine copper 

production, occurring in South America to Canada, and the Pacific islands. 

• Copper skarns 

These deposits are hosted by carbonate rocks such as limestones, dolostones and alkaline rocks 

containing calc-silicate minerals, and are frequently closely associated with other copper deposit 

types such as porphyry and polymetallic vein deposits. Local concentrations of ores can consist of 

massive concentrations (>50%) of sulphide minerals. The grades of Cu skarns are typically 2% Cu 

with < 1 glt Au and 10g/t Ag. Although carbonate minerals are commonly present, the relative 

carbonate/silicate ratios, and hence acid buffering capacity, can vary quite considerably. 

• Polymetallic veins and replacement deposits 

These deposits are generally small, with sulphur grades varying from disseminated to massive 

(>50% sulphide). The majority of the polymetallic and replacement deposits are hosted in 

carbonate-rich sedimentary rocks and have similar properties to copper skarns and sedimentary 

deposits. Deposits can, however, also be hosted by igneous rocks, particularly granitic type rocks 

containing quartz, chlorite and epidote minerals. Vein and replacement copper deposits make up 

about 7% of worldwide copper mining activity. 

• Sedimentary deposits 

Sedimentary deposits are comprised of beds of shale or sandstone impregnated with copper 

minerals. They are generally smaller than porphyry deposits, with copper grades varying between 

2% and 4%. Silver and/or cobalt are sometimes produced as co-products. Whilst only accounting 

for about 6% of copper mining activities in the USA, sedimentary deposits make up about 24% of 

worldwide copper mining activity, and include the Central African copper belt. 

• Massive volcanogenic deposits 

Massive sulphide deposits are typified by ores that comprise greater than 50% sulphide minerals, 

such as pyrite, pyrrhotite, chalcopyrite, sphalerite and galena. Host rocks are typically acidic or 

basic volcanic rocks or silica rich sedimentary rocks. Carbonate minerals are typically absent or 
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are a minor component of host rocks. These massive sulphide deposits are commonly associated 

with regionally developed iron and/or manganese rich metalliferous sediment. They are more 

numerous than porphyry and sedimentary-type deposits, but are smaller in capacity and reserves. 

These deposits make up approximately 7% of worldwide mining activity. 

• Magmatic deposits 

These deposits consist of massive layered or disseminated sulphides associated with igneous 

rock intrusions, in which the sulphides have collected by gravitational settling whilst the rock was 

still molten. Examples of magmatic deposits in South Africa include the ultrabasic magmatic 

deposits, containing significant quantities of Ni, Co and PGMs associated with chromite, and the 

unusual alkaline carbonatite intrusions of the Palabora district. These deposits all tend to be' 

polymetallic, fine to ultra fine, and are frequently intergrown with large amounts of pyrite and 

pyrrhotite. Magmatic copper deposits make up approximately 4% of the worldwide copper mining 

activity (Mining Journal editorial, 1995) 
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Typical mineralogical compositions of copper sulphide deposit classes (after Cox & Sin ~er, 2003; Cox et al 2003; du Bray, 1996; Seal & Foley, 20 02) 
Deposit Class Porphyry Skams. Polymetallic vein and Sedimentary Massive Ultrabasic magmatic Carbonatite 

replacement volcanogenic magmatic 

Major ore Bornite, chalcopyrite, Arsenopyrite, bornite, Bornite, chalcopyrite, Chalcopyrite, Chalcopyrite, pyrite, Chalcopyrite, Apatite, chalcopyrite 
minerals magnetite, pyrite chalcopyrite, galena, hematite, chalcocite, pyrite, marcasite, pyrrhotite, cobaltite, pentiandite, magnetite, pyrite, 

molybdenite, hematite, pyrite, pyrite, sphalerite, bornite sphalerite pyrrhotite. pyrrhotite, 
pyrrhotite, sphalerite. 

--------------------------- ----------------------~---------- ------------------------------ ----------------------------- ------------------------ ----------------------------- Teiiuride;s~---------------- --------------------------------
Minor ore Electrum, galena, Bismutite, cobaltite, Acanthite, Galena, sphalerite, Arsenopyrite, galena, Niccolite, monazite, 
minerals sphalerite, electrum, enargite, arsenopyrite, stannite, bomite, arsenides, barite, pyrrhotite, 

tetrahedrite galena, molybdenite, electrum, marcasite, electrum, tetrahedrite antimonides, bornite, molybdenite, galena, 
scheelite, stannite, stibnite, sulfosalts, group PGMs sphalerite, columbite 
sulfosalts, tetrahedrite group, 
tetrahedrite group bismutite. 

--------------------------- ---------------------------------- -------------------------------- ---------------------------------- ----------------------------------- ------------------------------ -------------------------------- --------------------------------
Supergene ore Chalcocite, covellite Covellite Covellite, chalcocite, 
enrichment digenite 

Major gangue Albite, alunite, Amphibole, chlorite, Adularia, alunite, Dolomite, limestone, Albite ,amphibole Calcite, dolomite, 
minerals amphibole, anhydrite, epidote, garnet, barite, calcite, shales and ,chlorite muscovite ankerite, ilmenite, 

biotite, chlorite, clays, quartz, vesuvianite, chalcedony, chlorite, calcsilicates quartz, tourmaline strontian ite, fl uorite, 
epidote, quartz and wollasinite clays, fluorite, biotite, pyroxenes, 
tourmaline. kaolinite, muscovite, amphiboles, fosterite, 

pyrophyllite, quartz" haematite, zircon, 
rhodochrosite, rutile, brookite, 
siderite anatase. 

------------------------------------ ----------------------------------- ---------------------------------- ----------------------------------- ---~---------------------------- ------------------------------------
Minor gangue Andalusite, calcite, Fluorite 
minerals 

Reported co- Up to 28 elements Ag: As, Au', B, Ba, Ag', As', Au', Ba, Bi, Ag' (max 200ppm), AI, As, Ag'(max Ni*, Co', Mg, PGE' B, Ba, Be, Ca, li, Mo, 
elements reported: Ag', As', Bi, Co, Cr, Hg, Mo, Hg, Mn, Mo, Pb', Sb, As, Au, B, Ba, Bi, 6Oppm), Au (4 ppm), Where: PtlNi=1/500 Nb*, P, Pb, REE*, Sr, 

Au', B, Sa, Bi, Cd, Pb', Rb, Sb, Se, Sn, Sn, Zn* Cd, Co', (max >1%), B, Ba, Si, Co, Cr, Ni, and Ni/Co= 0.5-1.5/1 Ta, Th', Ti, U', V, W, 
Co, Hg, K, La, li, Mn, Sr, Te, W, Zn* Cr, Ge, Hg, Mo, Pb', P, Pb, Sb, Se, Sn, W, Zn, Zr' 
Mo', Ni, Pb', Rb, Sc, U, V, Zn*, Zn, 
Se*, Sn, Te', TI, U, 
V,W,Zn, 

Where: * represents signature elements, commonly associated with copper ore deposit classes 
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Reported element concentrations in copper ore deposits 

Skarn deposits (du Bray, 1996) Porphyry deposits 
(du Bray, 1996; Bulatovic, 1998) Element 

min max mean min max mean 
Si % 21 35 31 n.d. n.d. n.d. 

-------------------- ---------------- ----------.------- --------------------- ----------------- ---------~----------- ------------------
AI % 4 9.5 6.5 n.d. n.d. n.d. 

--------------------- ----------------- ------------------- --------------------- ----------------- --------------------- -------------------
Fe % 0.05 10 3.2 n.d. n.d. n.d. 
K % 0.1 8.7 2.7 n.d. n.d. n.d. 

--------------------- ----------------- ------------------- --------------------- ----------------- --------------------- -------------------
S % 0.4 8 1.9 n.d. n.d. n.d. 

_____________________ ____________ ~9_~~ w _______________________________________ ___________ ~ _____ _______________________________________ _ 

______ ~_!i.J __ !~ ___________ ~:~~ ___________ ~:~ _________________ ~ _______________ ~_~':!: _____________ ~_~':!: ______________ ~_:':!: _____ _ 
Na % n.d 3.7 0.6 n.d. n.d. n.d. 

______________________________________ _____ ~ ___ ~ _________ _____________________________ v _______________________________________________ _ 

Ti % 0.1 0.4 n.d. n.d. n.d. 
--------------------- ----------------- ------------------- --------------------- ----------------- --------------------- -------------------

Cu % 0.8 2.2 0.33 n.d. 13.5 0.6 
Ca % 0.06 5 0.32 n.d. n.d. n.d. 

--------------------- ----------------- ------------------- --------------------- ----------------- --------------------- -------------------
____ ~~_PE~ ____________ ~_~ _____________ ~~~~ ____________ ~_~~ _____________ ~_:':!: ____________ ?_?.~~ _____________ ?.~~ ____ _ 
____ ~_~_P..P..~ __________ ~:! ____________ ~_~~~ ___________ ~_??.. _____________ ~_:':!: ____________ ~_?.!~ _____________ ~~~ _____ _ 
____ §lLP..P..~ ___________ ~:~ _____________ ~_~~ ___________ 3..~~:~ ____________ ~:_~_~ _____________ ~_:':!: ______________ ~_:':!: _____ _ 
____ ~!?_pp_~ ____ ______ 3_!?. _____________ ~~~ ______________ ~_~~ ____________ ~:_':!: _____________ ~_:':!: ______________ ~_:':!: _____ _ 
____ ~~_P..e~ ___________ ~:~ _____________ ~?.~ ______________ ~_~_~ _______ _____ D_:':!: ____________ D_:':!: _______ _______ ~_:':!: _____ _ 
____ ~~_pp_~ _____ _______ ~~ __________ ~.?~~2 _____________ ~_~ _______________ ~ _____________ ~_~_?_!22 ________ l~~~:g ___ _ 
_____ ~_PE~ __________ ~:2~ ___________ .?_~~ _______________ !~ ______________ ~_:':!: _____________ ~_:':!: ______________ ~:':!: _____ _ 
____ ~~_pp_~ ____ _______ 3 ____________ !.~_!?!?..~ ____________ ~_? _________________ ~ _____________ !~3.!?.~~ __________ ~_?.~_2 ____ _ 
_____ ~_PE~ ____________ ~:_~_: ___________ ?_~!?.~ ______________ ~_?. ______________ ~_:':!: _____________ ~_:':!: ______________ ~:~: _____ _ 
____ 9.Lep~ _____ ______ ~_~_~ ___________ ~_~~~ ______________ ~_~ ______________ ~_:~: _____________ ?_!~ ______________ ~_~~ _____ _ 
_____ r:!~_ee~ ____________ ~~ _____________ ?.22 ____________ ~2:~ _____________ 2:~ ____________ ~_~~:~ ______ ______ ~~:g _____ _ 
____ ~_?J?_P..~ __________ ::~ _____________ ?_!?!?..~ ____________ ~~:~ _____________ l:~ ___________ ?~~:~ ____________ ~~:~ ____ _ 
_____ ~~p_P..~ _____ ______ ~:..~_~ ____________ ~~~ _____________ l~:~ _____________ ~_~~: _____________ ~_~~: ______________ ~_:~..: _____ _ 
____ 2.<!_pp_~ ____ ______ ~:_c:t.: ___________ ~~~ _____________ l~:~ _____________ ~_:~: ___________ ?~~:~ ____________ ~~:!? _____ _ 
____ ~~_pp_~ _____ ______ ~:_~_: ___________ ~_?.~~ ____________ l~:~ _____________ ~_:':!: ___________ ~~~:~ ____________ ~~:!? _____ _ 
____ ~_ee~ ____________ ~~ ______________ ~_~2 ______________ ~:~ ______________ '!.~':!: _____________ ~_~_?. _______________ ~~ _______ _ 
____ ~~_pp.~ ____ -----~-~~-:----- ------~-~-!?.~----- --------~:~-------- ------~-~~-:----- -------~-~-!?.------- ------?~:~-----
____ ~~_pp_~ _____ ______ ~_~~_: _____________ !2 _______________ ~:~ ______________ ~_:~: _____________ ~_~: ______________ ~:~: _____ _ 
----~~-pp-~----- -----~-~~-:---- --------?.~------- --------~:~-------- ------~-:~:----- --------~-?!?..------- --------~~--------
____ ~~_pp_~ ____ ______ ~:_~_: ____________ ~_~~ ____________ l:~ ______________ ~_:~: _____________ ~!?.~ _______________ ~_~ ______ _ 
___ ~~2..P..~ __________ ~:_~_: ____________ ~_~!?. _____________ ~:.~ ______________ ~:_~_~ ____________ !_~_!?.~ ______________ ~?. ______ _ 
____ ~~_pp_~ ____ ______ ~:_~_: ______________ ?. ________________ l:_!. _____________ ~_:~: _____________ ~_:~: _____________ ~_:~: _____ _ 
____ 2~J?p_~ __________ ~:_~_~ ____________ ~_~~ _____________ ~:~ ________ ____ D_~':!: _____ ________ ~_~':!: ______________ ~_:~: _____ _ 
____ !::~_pp.~ _____ ______ ~:_~_: ___________ ~_!?.22 _____________ ~:~ ______________ ~_~~_: _____________ .!?. ________________ ?. _______ _ 
____ ~~_PE~ _____ _____ D:_~_: _____ _______ ~:~ _______________ 2:_! ______________ ~_:~_: _____________ ~_!?. _______________ ~ _______ _ 
____ ~~_pp.~ _____ _____ ~:~_: ____________ l:_~ _______________ 2:! _____________ ~_~~_: _____________ ~:~ _______________ 2:_! ______ _ 
_____ T~EP..~ ___________ ~:_~_: ____________ ~~: ______________ ~_:~..:.. ____________ ~_:':!: _____________ ~:~ _______________ 2:~ ______ _ 
____ ]_~_P..P..~ ___________ ~:_~_: ___________ ~:~: ______________ ~:..~..: ____________ ~_:~: _____________ ~_:~: ____________ ~_:~: _____ _ 
____ ~~_p2..~ ____ ______ ~:_~_: _____ _____ D_:~: ______ ________ ~_:':!: _____________ ~_~~: _____________ ~_~~: _______ ---____ ~_:~: _____ _ 

Re ppm n.d. n.d. n.d. n.d. n.d. n.d. 
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Unspecified deposits 
(see ref 1-4. 11.12& 16 

in Appendix 5.1 ) 

min max 
30.4 n.d. 

_~e~e ____________ _ 

n.d. n.d. 
-------------------- ----.----------------

1.5 29.4 

n.d. n.d. 
-------------------- ----------------------

1.4 n.d. 
n.d. n.d. 

------~------------ ------~--------------

n.d. n.d. 
n.d. n.d. 

-------------------- ---------------------
0.58 0.86 

5.3 n.d. 
n.d. n.d. 

------------------- ----------------------
50 n.d. 
n.d. n.d. -------------------- ----------------------
n.d. n.d. 

-------------------- ----------------------
n.d. n.d. 

-----------------~-- ----------------------
4600 9300 

n.d. n.d. ------------------- --------------._-----
1000 n.d. 
n.d. n.d. 
n.d. n.d. 
n.d. n.d. 

-------------------- ----------------------
n.d. n.d. 

-------------------- ----------------------
n.d. n.d. 

n.d. n.d. -------------------- ----------------------
4100.0 4500 

n.d. n.d. -------------------- ----------------------
1500 13100 

-------------------- ----------------------

1800 n.d. -------------------- ---------------------
10 80 

50 n.d. -------------------- ----------------------
0.2 70 
n.d. n.d. 

----.--------------- ----------------------
n.d. n.d. 
n.d. n.d. -------------------- ----------------------

81.0 n.d. 
n.d. n.d. 

-------------------- ----------------------
n.d. n.d. 

-------------------- ----------------------
0.1 1 

n.d. n.d. 
-------------------- ----------------------

10 2000 
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Appendix 6.3 

Appendix 6.3: Predicted concentrations and distributions of major 
mineral groups and associated elements: Detailed mass balance 
calculations 

Mass balance calculations for the derivation of compositions and distributions of major 

mineral groups and associated elements during concentration of copper sulphide ore deposits 

1. Cm,conc(kglt) 

Mass balance equation Assumptions 

CFe,eone == (0.304 CChalcopyrite, eone + 0.466 Cpyrile, cone • The major copper and iron sulphide minerals 
+ 0.1113 Cbornite, conc)/0.85 occur as chalcopyrite (20-70%), pyrite (5-35%), 

Cs,cone == (0.349 Cehalcopyrite, cone + 0.534 Cpyrite, cone bornite (1-8%) and chalcocite (1-18%) 
+ 0.2552 Cbornite, cone + 0.2011 Cehalcocile, conc)/0.96 

• These minerals account for 99% of the total 
Ceu,cone == (0.347 CChalcopyrite, eone + 0.6334 Cbornite, copper, 95% of the total sulphur, and 85% of 
cone + 0.7988 Cchaleocite, conc)/0.99 

the total iron in the concentrate. 
Cgangue,cone ::: 1000 - (CchalCOpyrite, cone + Cpyrite ,cone + 

• Total concentration of minor and trace metal Cbornite, cone + Cchalcocite, cone + Cminor-trace metal minerals, 
cone) bearing minerals varies from 2-8% 

Csilieate minerals,cone == (0.9 to 0.98) Cgangue,eone • Copper/sulphide ratios are approximately 1.2/1 

Ccarbonate & oxide minerals, cone == Cgangue,conc - Csilicate (after Ayres et ai, 2002) 
minerals,cone 

• The majority of the non-sulphide gangue is 
Cquartz,eonc == 0.45Csilieate minerals, cone comprised of silicate minerals (90-98% of total 
CK-feldpar,conc == 0.25Csilicate minerals, conc gangue), of which 45% is present as quartz, 

m: biotite, muscovite and albite 25% as K-feldspar and 10% each of biotite, 

Cm,conc = 0.1 OCsilicate minerals, cone albite and muscovite. 

Ccalcile,conc = 0.70 Ccarbonate minerals, cone • The remaining gangue is made up of oxides « 
m: dolomite, ankerite and siderite 8%) and carbonates « 4%), of which 70% is in 
Cm,cone = 0.1 OCcarbonate minerals, conc the form of calcite together with 10% each of 

Csi = (0.47 Cquartz,conc + 0.162 Cbiotile, conc + 0.197 
ankerite, siderite and dolomite 

Cfeldspar,conc+ 0.222 Calbite,conc+ 0.211 • The listed gangue minerals account for 98% of 
Cmuscovite,conc)/0.98 the Si, AI, K, Mg, Na and Ca in the concentrate 

CAl = (0.156 Cbiotite, cone + 0.190 Cfeldspar,conc+ 0.214 
Calbite,cone+ 0.204 Cmuscovite,eonc)/0.98 

CK = (0.075 Cbiotite, cone + 0.275 Cfeldspar,conc + 
O. 098Cmuscovite,conc)/0. 98 

CNa =(0.183 Calbite,eonc)/0.98 

CM9 = (0.07 Cbiotite, cone + 0.13 Cdolomite,conc)/0.98 

Cea = (0.4 Ccaleite,eone + 0.217 Cdolomite, cone + 0.345 
Cankerite, cono)/0.98 
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Appendix 6.3 

Appendix 6.3: Predicted concentrations and distributions of major 
mineral groups and associated elements: Detailed mass balance 
calculations 

Mass balance calculations for the derivation of compositions and distributions of major 

mineral groups and associated elements during concentration of copper sulphide ore deposits 

1. Cm,concfkglt) 

Mass balance equation Assumptions 

CFe,cone = (0.304 CchalCOpyrite, cone + 0.466 Cpyrite, cone III The major copper and iron sulphide minerals 
+ 0.1113 Cbornite, cone)/0.85 occur as chalcopyrite (20-70%), pyrite (5-35%), 

CS,conc = (0.349 CchaleOpyrite, cone + 0.534 Cpyrite, cone bornite (1-8%) and chalcocite (1-18%) 
+ 0.2552 Cbornite, cone + 0.2011 CChalCocite, conc)/0.96 

III These minerals account for 99% of the total 
CCu,conc = (0.347 CehalCOpyrite, cone + 0.6334 Cbornite, copper, 95% of the total sulphur, and 85% of 
cone + 0.7988 Cchaleocite, conc)/0.99 

the total iron in the concentrate. 
Cgangue,cone = 1000 - (Cehalcopyrite, conc + Cpyrite ,conc + 

III Total concentration of minor and trace metal Cbornile, cone + CChalcocite, cone + Crninor-trace metal minerals, 
eonc) bearing minerals varies from 2-8% 

CSilicale minerals,cone = (0.9 to 0.98) Cgangue,conc III Copperlsulphide ratios are approximately 1,2/1 

Ccarbonale & oxide minerals, conc = Cgangue,conc - Csilicate (after Ayres et ai, 2002) 
minerals,eonc 

III The majority of the non-sulphide gangue is 
Cquartz,conc = 0.45Csilicate minerals, cone comprised of silicate minerals (90-98% of total 
CK-feldpar,conc = 0.25Csilicale minerals, cone gangue), of which 45% is present as quartz, 

m: biotite, muscovite and albite 25% as K-feldspar and 10% each of biotite, 

Cm,conc = 0.1 OCsilicate minerals, conc albite and muscovite. 

Cealcite,eonc = 0.70 Cearbonate minerals, cone III The remaining gangue is made up of oxides « 
m: dolomite, ankerite and siderite 8%) and carbonates « 4%), of which 70% is in 
Cm,cone = 0,1 OCcarbonate minerals, conc the form of calcite together with 10% each of 

Csi = (0.47 Cquartz,conc + 0.162 Cbiotite, cone + 0.197 
ankerite, siderite and dolomite 

Cfeldspar,conc+ 0.222 Calbite,conc+ 0.211 .. The listed gangue minerals account for 98% of 
Cmuscovite,conc)/0.98 the Si, AI, K, Mg, Na and Ca in the concentrate 

CAI = (0.156 Cbiotite, cone + 0.190 C'eldspar,conc+ 0.214 
Calbite,conc+ 0.204 Cmuscovite,conc)/0.98 

CK = (0.075 Cbiotite, cone + 0.275 C'eldspar,conc + 
O. 098Cmuseovile,conc)/0 .98 

CNa =(0.183 Calbite,conc)/0.98 

CMg = (0.07 Cbiotite, conc + 0.13 Cdolomite,conc)/0.98 

CCa = (0.4 Cealcite,eonc + 0.217 Cdolomite, cone + 0.345 
Cankerite, cone)/0.98 
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Appendix 6.3 

2.Cm,ore (kg/t) 

Mass balance equation Assumptions 

m = chalcopyrite, bornite, chalcocite, pyrite, MI, ore (t orel t conc.)= MI, tails + 1 
minor/trace metal minerals, copper 
Cm,conJ(MI,ore x Dm, cone) Deopper minerals, cone = 0.85-0.9 

m=Fe Dcu, cone = 0.85-0,9 
(0.304 Cchalcopyrile, ore + 0.466 Cpyrite, ore + 0.1113 Dpyrite, conc == 0.05-0.1 Cbornite,ore)/0.85 

m=S Dminor-trace metal minerals, conc = 0.7-0.9 

(0.349 Cchalcopyrile, ore + 0.534 Cpyrita, ore + 0.2552 
Cbornite, ora + 0.2011 Cchalcocila,ora)/0.96 

m=gangue 
1000 - (CchaICOpyrila, ora + Cpyrita. ore + Cbornile, ore + 
Cchalcocile, ore + Cminor-Irace melal minerals, ore) 

m = silicates, carbonates, Si, AI, Ca, Mg, K, Na 
(Crn.cone x Cgangue, ora X Mt,ore) 
I(Mt•ore X Cgangue, conc) 

3. Dm,conc 

Mass balance equation Assumptions 

m = Fe, S, gangue 
Cm.conJ(Cm, ore X Mt.ore) 

m ::: silicates, carbonate, Si, AI, Ca, Mg, K, Na 
Dgangue, cone 

4. Cm, ta/ls (kg/t) 

Mass balance equation Assumptions 

((Cm, ore X Mt.ore)- Cm.cone)! MI, tails Mt, tails (t tailsl t conc.)= 37 

5. Dm, waste rock 

Mass balance equation Assumptions 

m == chalcopyrite, bornite, chalcocite, pyrite, Ccu, waste rock = 1.5-2 kg/t 
minor/trace metal minerals, Fe and S 

Mt,waste rock (t waste rocklt conc.)= Mt ,tails X 1.9 
(CCu, waste rock X Mt.waste rock) I(M1•ore X CCu, ore) 

m == gangue, silicates, carbonates, Si, AI, Ca, K, Cgangue, waste rock: Calculated (point 6) 

Mg,Na 
(Cgangue, waste rock X MI, waste rock)/(Cgangue, ore X Mt,ore) 

151 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix 6.3 

6. em, waste rock 

Mass balance equation Assumptions 

m = chalcopyrite, bornite, chalcocite, pyrite, 
minor/trace metal minerals, Fe and S, silicates, 
carbonates, Si, AI, Ca, Mg, K, Na 
(Dm, wasle rock X Cm, ore X MI,ore)1 M"waste rock 

m=gangue 
1000 - (Cchalcopyrile, wasle rock + Cpyrile, waste rock + 
Cbornite, waste rock + Cchaicocite, waste rock + C minor-trace melal 
minerals, waste rock) 

Where: 

• Cm,x == concentration of substance m in stream x 

• Dm,x= (mass substance m in stream x) 1 (mass of substance m in the ROM ore) 

• MI, x == (total mass of stream x) I (mass of concentrate) 
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Appendix 6. 4 

Appendix 6.4: Predicted distributions, concentrations and forms of 
individual elements In typical porphyry - type copper sulphide 

orcs, concentrates and tailings 

M8U billancc calcul .. tions lor tho donv81ion 0' indivio;!~1 Clement enrichment lacto rs and 

conc.ml ",tions in copper su lph ide ores. t~ il ings and concon l ,a tes. 

I.lass iJalance aqual"" 
-----1. . A~swnp"on._ 

• Avallahla e~ncal conconlfutloni tor elements 
in typical porphY'Y-typc coppo! Sulphide ores are 

tak en Tram ~ Horny (t996) (lnd BuOltovC 11 998) ­
SH I\j)pe r,.jix &.1 

EmplfrHI ooncllme!J! faClIl!S .Q 9ras tOf 

alament m 

2. PrlldiclW okimcn\ enoctm&Oli&C!ars ,n 

"'"Of lind CQl!conlrolv!or e1emant m 

E .. ",_" IE ...... l< 0.,-,_"> 

E ~ "'''' _" IE", '"" ~ O~, "'~ 

:1 p radlcl!!d corx:enlratioO rango9 lor el<.!rn ent m 

, Ore concontratlOOS: 
I c... "(E..- ... ~ c....,"",) 

rarhngS concenuabons 
c.. ... "'. "(0 .,-.,,,,-. KG" ,~). P1"I-,\, ... ,)) 

COncantrat .. concentrations 
C", •• "_ D ,,~ .• x C" ,_x M'.<~ 

IV".,.; 

• AverallC crust," abundance COnCI!n1ra1"'" 

WlluH IC .. ,.,,,,,) arll basad on Bl!us to Grl!)Orian 

('977). Co~on & Wilkinson (1962); C())C (1995)­

See ApPllfldlX 2.2 

• Satwelll1 99.4 and 99.7 % of the 9l\n9UOJ 
elAmllllts 10 tho ROM oro ,,,":Jpo~ to the 41, IIng5 

and 0.3 to 0,6% to the concentrme l eO .... "' •. 

' •• " ...... ,.., " 0.994 to 0 997 and D ... " .. ~ ....... '''''' 
,,0.000 to 0006 

• ~twoon 10;)nd 15"". 01 the copper In tIvI ROM 
«e reportslolh11 talhngs and ~. 90'% 10 r.o 

COOt:enlfalll: II Oc~ .... ~01010015I1ncDc, 

..... _08510090 

• i3etW(l(!O 63"'. and 93% 01 the Fc lind S.n It1I1 
ROM or9 r()pOrts to tho taillrl\i$ ano.! between 7 

and 37% to the concentrato. '.0. D ... ~,,,,, '0 

063-0.9.3 RoC rh •• """,", '" 007 to 037 

• Sol .. een 10 and:lO% 01 t,ace to mrnor 
chllfcaphrias ~nd soderopholO$ In 11\0 ROM oro 
,apart to 1110 Ullrngs anc bo"""(lon 70 and 90"4 10 

thaconccotrete 1.0 0.... ... " 0 lQ.O.3 Md 0,,, 

""' 0.71009 

• Approx"N1Tcly 37 tons of tailir>gs i r .. produc!!d 
pH ton at concen trate from 38 tons of ora' i,e 
M

" 
, ... It tails.' 1 COOC·F 37 ano 1-,\,,,, (1 orol t 

cone). 38 

• C .. . " concem'abo~ al 'lA::Ista~ m n stream A 

• 0.."" (mass s"bstanao m In S',e(Im x) I (mass of , ... bstanca m ,n !he ROM <lrC) 

• M,." (total mass 01 stril£\m .( ) I (mass of concentrata) 

• E~." (mass substance m ,n stream x)"" (averagf! mass of sullstanco m in tho enrth'9 c rl./St) 

"" 
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Appendix 6.4 

Predicted element speciation in copper sulphide ores, tailings and concentrates 

Element Major mineral phases 
Major rock forming gangue minerals: 

Si • Quartz (Si02) 

AI 

• AI-silicates: K-feldspar (KAISiOs); albite 
(NaAISi30e); biotite 
(K(FeMg)2AbSi2010(OH)2); muscovite 
(KAIaSis01O(OH)2); chlorite 
(MgFe)sAI(SbAI)01o(OH)s) 

AI-silicates: as for Si 

Trace/minor mineral phases 

Secondary AI-silicates: kaolinite 
(AI2Si205(OH)4); pyrophyllite 
(AI2Si401O(OH)2); topaz (AI2Si04(F,OH)2 

Calc-alkaline silicates: amphiboles 
(Ca2{Mg, Fe )5Sis022( OH)2); epidote 
(Ca2(Fe,AI)s(Si04)s(OH)); anorthite: 
CaA12Si20a; stilbite: CaNa2K2AI2Si1701S 

• silicates of trace/minor gangue elements 
such as Ti, Zr, Cr, B, Be. 

• Secondary AI-silicates: kaolinite, 
pyrophyllite, topaz and alunite 
(K2Ale(S04)4{OH),2) 

• Calc-alkaline silicates: epidote, anorthite, 
stilbite 

• Minor/trace silicate minerals of elements 

1--:-,---------·----------1------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
K AI-silicates: K-feldspar; biotite, muscovite AI-gangue minerals: stilbite; alunite 

such as B (tourmaline) 

1--NNaa----------------r-AA"j,:si/icaites;:'-a a.lilibblitt;eii----·-----·-----·-----·-----·-----·-----'-----·-----·----------1--Al=siiica-iii-iTiiiieraTs:-siflbI"t"9---------------------------------------

--ca----------------- --Carbon~.ites:-c~ilcjte--(CaCO;y;-dolomite------------------- --;------anhydrite-(CaSO~r------------------------------------------

Mg 

(CaMg{C03)2); ankerite (CaFe)o.sCOs • Calc-alkaline silicate minerals: epidote; 

anorthite; stilbite 

• Carbonates: dolomite 
• AI-silicates: biotite and chlorite 

• Minor/ trace gangue minerals of 
P (apatite); F (fluorite); Ti (sphene); W 
(scheelite) 

• Calc-alkaline silicates: amphiboles; 
• Trace-mineral gangue minerals of elements 

such as Cr (chromite). 

Major sulphide ore minerals: 

Iron Iron sulphides. pyrite (FeS2) » marcasite (FeS2) 
> pyrrhotite (FeS) 

• 
• 

Carbonates: ankerite; siderite (FeC03) 

Fe-oxides: magnetite (Fe304); haematite 
(Fe203) 

• AI-silicates: biotite; chlorite; muscovite 
• Minor/ trace gangue minerals of elements 

such as Cr (chromite); W (wolframite) and 8 
(tourmaline) 

---.------------------- ---------------------------------------------------------- -------------------------------------------------------------------------------------
Sulphur Iron sulphides • Copper sulphide minerals 

Cu Copper sulphide minerals: chalcopyrite (CuFeS2) 
> bornite (CuSFeS4), > chalcocite (CU2S) 
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• Trace/minor sulphide minerals of elements 
such as As, Zn, Pb, and Mo. 

• Sulphate gangue minerals of elements such 
as Ca (anhydrite); 8a (barite)and AI (alunite) 

Copper sulphide minerals: tetrahedrite 
«CuFeh2Sb4S13) >covellite (CuS) 
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Predicted element speciation in copper sulphide ores, tailings and concentrates continued .... 

Element Major mineral phases Trace/minor mineral phases 
Other sulphide ore forming elements 

Zn Zinc sulphide mineral: sphalerite (ZnS) 

-Pb----------------- --gaIena-(-PbS)------------------------------------------------------------ -------------------------------------------------------------------------------------

As arsenopyrite (FeAsS) 

Mo molybdenite (MOS2) 

Se selenides of Cu, Ag & Au 

Sb 

Ge dispersed in sphalerite 

• Copper sulphide minerals: tennanite 

«CuFe)As4S13» enargite (Cu3AsS4) 

• Inclusions in pyrite 

________________ ~~~ ___________________________________ ~_H___________________________________________________ _ __________ . ______________________________________________________________________ _ 
Ni • pentlandite ((Fe, Ni)gSs) 

• dispersed in pyrite ----------------------- ------------------------------------------------------------------------------------- -----------.-----------------------------------------------.-------.---------------
Bi • bismutite (Bi2S3) 

• native bismuth 
dispersed in galena 

_______________________ j ______________ c _______________ -=--.-----.-----.-----.-----.-----.-----.----------.-----.-----'-1-------------------------------------------------------------------------------------• 

Co 
cobaltite (CoAsS) 

• dispersed in pyrite 
• 

--------------------- ---------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
Cd • greenocktite (CdS) 

• dispersed in sphalerite 
---------------------- ------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------
Ag • electrum (AuAg) 

• acanthite/Argentite (Ag2S) 

PGMs 
(mainly Pt, dispersed in sulphides 

_E'_91 ________________ ________________________________________________________________________________________________________________________________________________________________________ _ 

Hg dispersed in galena cinnabar (HgS) 

In dispersed in sphalerite 

• native Au 

Au • Au telluride 

• electrum AuAg 
________________________ _____________________________________________________________________________________ _ _____________________________________________________________ 0 ____________________ _ 

Re dispersed in molybdenite 

Te tellurides of Cu, Au and Ag. 

TI dispersed in galena 
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Predicted element speciation in copper sulphide ores, tailings and concentrates continued .... 

Element I Major mineral phases Trace/minor mineral phases 
Other lithophilic gangue minerals: 

P monazite ((Ce, Th, La)P04), 

Ba 

Ti sphene (CaTi(Si04)) 
Other Ti silicates and oxides such as Ilmenite & 
rutile 

_!: _______________________________ --fluorit-e--(C-it-i=;y------------------------------------------------ apatite 

Mn 

Sr, Rb 

Zr 

carbonate: (MnC03); 

dispersed in rock forming minerals 

zircon (ZrSi04) 

• Mn-oxides: pyrolusite 

• carbonate minerals: ankerite 

• trace/minor gangue minerals of elements 
such as W (wolframite) 

I---"'-~--~--~----------------------------+------------------------------------------------------------------------ -------------------------------------------------------------------------------------
CI Li dispersed in rock forming minerals 

REE (rare earths) 
monazite «Ce, Th, La)P04), dispersed in Ti minerals such as sphene 

1--,-:---------------------------------1-------------------------------------------------------------------------- -------------------------------------------------------------------------------------
V 

dispersed in sphene? 
I---=----------------------------------~------------------------------------------------------------------------- -------------------------------------------------------------------------------------

Cr chromite (FeMgCr204) 

B 

Sn cassiterite (Sn02) 

Nb columbite-tantalite «Ta, Nb)206) 

Ga dispersed in quartz? 

-w----------------------------- --woiframjte--«Fe~--r;Xn-)v.T6~)~-scheelite------------ ------------------------------------------------------------------------------------
_____________________________________ 1Q~Y'{Q~t _______________________________________________________ ---___________________________________________________ -------------------------------

Be beryl (Be3AI2Si601s) 

1--:-:::----------------------------------+------------------------------------------------------------------------- ------------------------------------------------------------------------------------
Hf dispersed in zircon 

Sc, Br dispersed in rock forming minerals 

U uraninite (U02) 

Ta columbite-tantalite «Ta, Nb)20S) 

Dispersed in rock forming minerals 
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Screening and Prioritising Environmentally 

Significant Constituents in Copper Sulphide 

Tailings: Case Study 2 

7 

The copper-depleted sulphide tailings described in the previous chapter generally exit the flotation 

circuit in the form of slurry containing approximately 75% water with a pH of between 10 and 10.5. 

Thickening of the tailings prior to disposal on a tailings pond is common industry practice, with the 

thickener overflow generally being recycled back to the mill circuit. Conventionally, the thickener 

underflow, containing between 40% and 60% moisture, is discharged by means of spigots to specially 

designed impoundments formed by a containment dyke, constructed of suitable fill material or often the 

coarser fraction of the tailings themselves. Upon deposition, the solid fraction settles - forming a beach 

or delta with the water draining away to a central location or low point along the perimeter of the dam. 

The level of the water collected in the ponds on tailings impoundments is typically controlled through 

decantation by means of an embankment drain, decant towers or a floating pump. In this way seepage 

through the deposits is reduced, creating opportunities for optimum water usage through recycling of 

tailings dam return water to the processing plant. 

Whilst maintaining the geotechnical stability of sulphide tailings impoundments during their operational 

life is paramount, it is not the only issue of concern. Discussions in the open literature (see for example 

Dhar, 2000; Christie, 2000; Jarvis & Younger, 2000; Environment Australia, 1997; ICMM, 2002; MMSD 

project, 2002) indicate that it is in fact the continued generation of acid drainage from sulphide bearing 

wastes that is the most serious and pervasive environmental problem related to the mining industry. 

Although less spectacular than catastrophic failure, acid drainage (AD) has been found to result in 

prolonged degradation and pollution of the surrounding environment over the long-term, with adverse 

consequences in terms of biodiversity conservation; quality and use of natural resources such as soil 

and water; as well as health and socio-economic impacts on local communities. 
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Historically the environmental significance of acid drainage was not fully appreciated, and historical 

practices based on this lack of understanding have left a legacy of abandoned and unrestored mining 

sites, which are the source of on-going environmental damage. Furthermore, conventional rehabilitation 

and remediation approaches, which deal mainly with soil erosion and dust dispersion and re-vegetation, 

do not address chemical stability issues adequately and there is increasing concern that they will not be 

sufficient to prevent post-closure impacts and guarantee a "walk-away" situation (see discussions by 

Jarvis & Younger, 2000; Warhurst 2000). These concems have prompted the development of a number 

of methodologies for the prevention and control of acid drainage over the past decades. Approaches 

which are being studied or trialled (see for example Kontopoulos, 1995; Ribet et ai, 1995; Romano et al 

2003; Environment Australia, 1997; MMSD, 2002) include: 

• Co-disposal of tailings with acid consuming/alkali generating wastes using blending and/or layering 

techniques. 

• Underground disposal 

• Design and construction of liners and acid drainage collection systems 

• Dewatering technologies i.e. deposition of tailings in the form of thickened sludge or paste 

• Improved design and construction of engineered dry and wet covers 

• Active and passive processes for the treatment of acid drainage 

Source control, whereby the formation of acid drainage is avoided by preventing the sulphide minerals 

from coming into contact with water and oxygen, is the preferred option, and a number of covers have 

been designed for this purpose. Complete isolation of the tailings impoundment from the elements 

using covers is not however easily attained and, as pointed out by the MMSD project (2002), there are 

definite long-term issues with the reliability of this approach. Whilst engineered covers can be designed 

to minimise oxygen and water infiltrations, they are generally not able to completely prevent sulphide 

oxidation and acid drainage formation, and more than one approach and methodology is thus likely to 

be required. 

Accurate assessment of impacts is in turn needed in order to make informed and appropriate decisions 

regarding appropriate management strategies to minimise such impacts in the short-, medium- and 

long-term. The impacted land footprint, developed by Hansen (2004) and described briefly in Chapter 1 

of this thesis, provides a straightforward yet rigorous approach to assess this impact. A typical copper 

sulphide tailings waste stream will, however, contain a multitude of constituents (see Table 6.6 in the 

previous chapter), and it is clearly neither practical nor desirable to develop separate impacted land 

footprint indicators for each of these. As discussed in a previous chapter (Section 2.3 of Chapter 2), it is 

possible to estimate and compare the relative environmental risks posed by the various constituents 

within a solid waste on the basis of their hazardous nature and potential availability for release to the 

environment under disposal conditions. In this way, strategic or environmentally significant constituents 

can be identified upfront, resulting in more informed and effective quantitative risk assessment studies 

(including empirical waste characterisation and/or predictive modelling). 
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This chapter of the thesis is concerned with the application of previously developed methodologies and 

criteria to identify key constituents of potential environmental significance within typical copper sulphide 

tailings waste streams under disposal conditions. To this end. data and information pertaining to the 

geochemical and hydrogeological properties of typical sulphide tailings impoundments. as available in 

the open literature, is first collected and assessed (Section 7.1). This knowledge, together with the 

chemical composition data generated in the previous chapter, forms the basis for the subsequent 

screening and ranking of constituents in accordance with their potential environmental significance 

(Section 7.2). 

7.1 Overview of the hydrogeology and geochemistry of sulphide 

tailings impoundments 

The chemistry of the pore water, contained in the interstitial spaces of tailings deposits, is determined 

by both geochemical factors. such as the rate of oxidation and metal attenuation mechanisms, as well 

as physical factors, such as the flow rate of water and diffusion of oxygen. These factors have been the 

subject of investigation by a number of authors (see for example AI & Blowes, 1999; AI et al. 2000; Bain 

et ai, 2000; Banwart & Malmstrom, 2001; Benner et al. 2000; Blowes et ai, 1998 and 2003; Carlsson et 

al. 2002; Jurjovec et ai, 2002; Kontopoulos et al 1995; Lin, 1995; McGregor & Blowes, 2002; Moncur at 

al. 2005; Ptacek, & Blowes, 2003; Ramano et ai, 2003; Ribet et ai, 1995; Van Huyssteen, 1998). 

In accordance with the results of these studies, the weathering of sulphide tailings and generation of 

acid drainage commences with the oxidation of the sulphide minerals. particularly pyrite, on exposure to 

oxygen, and the subsequent release of soluble W, sulphate and Fe(lI) to the tailings pore water. Whilst 

other less abundant sulphide minerals, such as chalcopyrite, sphalerite, galena, molybdenite and 

arsenopyrite, do not playas important a role in terms of the pH and ionic strength (TDS) of the pore 

waters, they are an important source of trace, and often highly toxic, soluble metals and metalloids. The 

role of oxygen in the oxidation of sulphide minerals, and hence formation of acid drainage is very 

significant, with the rate of sulphide oxidation being largely limited by the rate of oxygen diffusion 

through the impoundment. The rate and extent of oxygen diffusion is in turn highly dependent on the 

physical properties of the tailings, particularly moisture content and particle size distribution. 

During the operational stages of a mine's life-time, tailings are normally deposited under water or 

maintained in a saturated condition and, due to the limited solubility (8.6 ppm at 25°C) and diffusion 

coefficient (2.1 E-5 m2/s) of oxygen in water, sulphide oxidation and the potential for acid drainage 

generation is frequently not evident until after discharge from the mill to the tailings impoundment 

ceases. As tailings are generally deposited in either raised or valley impoundments, they are, however, 

likely to remain saturated for only a limited time after deposition has ceased. Oxidation of sulphide 

minerals commences as the surface of the tailings deposit becomes unsaturated and the pyrite 
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minerals become exposed to atmospheric oxygen at the tailings surface. The oxidation rates of both the 

sulphide minerals and primary oxidation products (such as Fe(lI) and As(III)) are furthermore frequently 

accelerated by various strains of bacteria. Although tailings have a relatively high specific surface area, 

the uniform and fine particle size leads to low permeability and reduced air and water diffusion. As a 

result, the ingress of rainfall is generally low (typically in the order of only 13 to 30% of the annual 

precipitation rate), and the tailings are characterised by a relatively slow moving water front. 

Furthermore, the rate and extent of gaseous oxygen diffusion in tailings impoundments is also fairly 

limited, with pore gas O2 concentrations typically decreasing from atmospheric concentrations (20.9%) 

at the surface of the impoundment, down to <1 % in the upper few meters (Moncur et al , 2005). The 

reduction in gaseous oxygen concentrations corresponds to a rapid decline in the rate and extent of 

sulphide oxidation, with active oxidation generally only occurring in the upper zones of the tailings 

impoundment. Although the depth of this unsaturated active oxidation zone varies according to the age 

of the impoundment and the management practices, a review of the literature indicates a typical depth 

of between 0.4 and 1.5 meters in historical tailings, with an average growth rate of 2.6 em/year (see for 

example AI et ai, 2000; Bain et ai, 2000; Benner et ai, 2000; Lin, 1997; Moncur et ai, 2005; Romano et 

al,2003). 

The production of acidic water through the oxidation of sulphide minerals in the unsaturated, active 

oxidation zone results in the onset of a sequence of acid neutralisation reactions. These reactions 

buffer the pH and deplete the primary carbonate and aluminosilicate content of the tailings, with a 

corresponding release of additional dissolved lithophilic constituents, principally the common rock­

forming elements of Ca, Mg, AI, K, Na, Si and Mn. The products from the pH buffering reactions 

subsequently combine with products of sulphide oxidation to form secondary solid phases, which 

accumulate on grain surfaces or within void spaces among the tailings particles. The compositions and 

quantities of the secondary solids vary according to the depth and the age of the deposit, and are 

governed largely by the chemical composition of the pore water, particularly in terms of pH, redox 

potential and TDS (or dissolved sulphate). The spatial and time-related pore water chemistry is 

dependent on a number of inter-related factors, key amongst which are the initial mineral compositions 

of the tailings and the rate and extent of pyrite oxidation. In general, the relatively low pH and high TDS 

of the pore waters in the active oxidation zone coincides with the formation of iron hydroxysulphates 

(jarosite and schwertmannite), iron oxyhydroxides (ferrihydrite and goethite) and gypsum as the major 

secondary precipitates, and the pore water in this zone is generally saturated with respect to these 

phases. Other secondary precipitates typically occurring to a significant extent in this zone include 

aluminium hydroxysulphates (jurbanite and alunite) and secondary silicates (kaolinite and amorphous 

silica). 

As the pore water infiltrates below the active oxidation zone, interaction with unoxidised tailings results 

in further acid neutralisation, with a corresponding increase in the pore water pH and reduction in 

soluble contaminants through attenuation mechanisms such as preCipitation, co-precipitation and 
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adsorption. Important precipitates include iron oxyhydroxides (ferrihydrite and goethite) and aluminium 

hydroxides (mainly gibbsite). Another relatively important secondary precipitate is that of covellite 

(CuS), which results in significant enrichment of copper in this zone in a similar manner to that which 

occurs in the supergene zone of chalcopyrite ore deposits. Many authors (see for example Bain et al 

2000; Dold & Fontbote, 2001; Lin, 1997; McGregor & Blowes, 2002; Moncur et ai, 2005) have reported 

attenuation and enrichment of a number of other trace-minor metals immediately below the moving 

oxidation front, mainly as a result of co-precipitation, surface complexation and adsorption. As an 

example, McGregor & Blowes (2002) reported an increase in As (by 42-132%), Cd (by 55-99%), Co (by 

52-84%), Cu (by 14-50%), Ni (38-63%) and Zn (4-145%) in this enrichment or transition zone relative to 

the unoxidised tailings material. Sequential chemical extraction tests to investigate the partitioning of 

trace to minor contaminants within the solid phases occurring below the oxidation front have indicated 

that a significant proportion of the enriched metals and metalloids are either weakly adsorbed or 

chemically bound to secondary iron preCipitates (see investigations by Carlsson et ai, 2002; Dold & 

Fontbote, 2001). Whilst the rate and extent of adsorption of metals and metalloids is dependent on a 

number of parameters, particularly pH, the general adsorption of heavy metals onto iron oxyhydroxides 

has been reported by Wilkins (2000) to decrease in the order Pb> Hg> Ag> As> Ni> Cu> Cd> Zn. 

These transition or enrichment zones generally occur at a depth varying between 0.5 and 3.2 m and 

can range in thickness from around 2-5 cm up to 15-20 cm. Apart from acting as a sink for elements 

solubilised during the reaction of primary components, the extensive formation of secondary 

precipitates below the moving oxidation front is known to cement the tailings into hardpan layers with 

elevated densities and depressed porosities. Ingression of gaseous oxygen below the enrichment or 

transition zones is thus generally negligible (gaseous concentrations of <1 %), whilst the soluble oxygen 

in the pore waters has been largely depleted by oxidation reactions in the upper zones. The material in 

this zone thus remains largely unoxidised and saturated. Further reaction of the pore water with the 

more reactive and soluble tailings components, such as the carbonate minerals calcite and siderite, is 

however expected to occur in the unoxidised zone to at least some extent, corresponding to further 

increases in pH and attenuation of dissolved metals and salts as the pore water migrates towards the 

bottom of the impoundment. 

Variation in the compositions of sulphide tailings pore waters as a function of depth are summarised in 

Table 7.1. Detailed results are presented in Appendix 7.1. 
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Table 7.1: Reported compositions of pore waters within sulphide tailings impoundments 
(compiled from AI et ai, 2000; Benner et ai, 2000; Carlsson, 2002; Komitsas, 1998; Kontopoulos et ai, 1995; 

Mwale, et ai, 2005; Patinha et ai, 2004, van Huyssteen, 1998) 

Surface zone Oxidation zone 
Transitional 

zone 
Unoxidised 

zone 
Groundwater 
interface zone 

___________ .P_Ij___________ _ ________ ~:!E~:§!_________ _ ________ g:_~_:4.:4._________ _ _________ ~:X_:~:~ _____________________ 4.:g:L __________ __________ ~_~?:?..:~ _________ _ 
____ B-Ei!_QQ~_(~YL_ _ _______ ~§~_:~gL______ _ _______ ~.1§_:91J_________ _ _______ g.t?_:~§~ ________________ .J_?_?_:~§~ ___________________ ~_4.:4.§2 _________ _ 
Major soluble salts (ppm) 

TDS 3460-25000 2322-58109 14000-38120 1504-7299 665-4521 
------------c~----------- --------370-:452-------- --------37-6-:500-------- --------440-:45()""------- -------"1"5-0=370--------- --------"1"00:450---------
--------------------------- ----------------------------- ----------------------------- ------------------------------- -------------------------------+---------.. =-=---.--:-,,----_·-----1 

Mg 44-3000 145-2200 1780-1954 120-320 30-180 
------------N~----------- ---------20-:343--------- ----------12-:1-1-0--------- ---------YC):720---------- ----------8-:1-60----------- -----------8=1-05-----------

K -----------12".:"40---------- -----------3".:"70----------- ---------a-4":86---------- ------------4":67"--------- ------------3:22-----------
sulphate -----2~f10-:2450(f--- -----1000-.:-50000----- ----1-000-0:21-900----- -------10-00:5580------- --------4-8:3740---------

--------------------------~ ------------------------------ -------------------------------

____________ ~~___________ 1 6 _____________ ~~_____________ 54 ______________ ~~______________ 5-16 
Carbonate nfa nfa nfa 5 54 

Trace-minor cha/cophilic metals and metalloids (ppm) 

Fe 19-4400 0.7-7886 254-6243 465-600 0.3-1300 
-----------C~----------- -------0~06:2~2-------- --------0~04-:2:2-------- ------o~o-Ei:o~o=r------- -----0~0-04":0:03------- -------0~-(i02:0:3--------

-------~------------------- ---------------------------- ---------------~-------------- ------------------------------ -------------------------------
Zn 80-1430 8-5000 1.3-421 4-370 0.06-42 

--------------------------- ------------------------------ ------------------------------ ------------------------------- -------------------------------
Pb 0.008-1.1 0.007-2.5 0.007-0.3 0.2 0.0005-0.1 

--------------------------- ------------------------------ ------------------------------ ------------------------------- -------------------------------

As 0.003-0.07 0.02-0.2 0.05 <0.02-0.1 0.002-0.02 
----------M~----------- -------------n/il------------ -------------r;ia------------ -------------n/il------------nia· ----------0:0004----------
-----------Cd----------- ---------5~59:43--------- ---------O~05=64--------- -------------54------------- --------(y.-o4":o~if-------- --------0~0004".:"5--------

------------Ni----------- ----------0~6=20---------- -------------1-.:-8------------ ---------0-.-j:1-T--------- --------0~-06~0:2--------- -------------rilil-------------
-----------c~----------- ----------0~9=2a---------- ---------0~9-.:-1-~8--------- ------------5:04----------- --------6:620ja--------- ------------0:02------------

Trace-minor lithophilic metals and metalloids (ppm} 

Si 28-49 19-45 11-21 6-11 3-7 
------------Ai----------- --------34-:1-21-2-------- ---------5:5:-1-5-8--------- -------------3:3------------- ---------(:i:1~Tfo--------- ---------O.-05=0~2---------

-------------------------- ------------------------------ ------------------------------- ------------------------------- ------------------------------- -------------------------------
Mn 7-877 11-811 68-87 0.6-5.4 0.2-2.5 

--------------------------- ------------------------------ ------------------------------
Sr 0.3 0.2 nfa 0.2 0.3 
Cr 0.003-4.6 0.1-0.3 0.009 0.22 0.0006-0.01 

--------------------------- ------------------------------+------------.-:::-=-.. -----·-----+------·-----·"'-:-:::c-----------+-----··-----·-:--,~-------------i 
8a 34 44 56237 385 

--------------------------- ------------------------------ -------------------------------+------------r-.::.--r;:c-,.,:------------+------------::--:-::.--.---------+-------.---:--"'·::------·-------i 
V 0.09 0.02 v.v.:;().02 0.02 

An assessment of the reported compositions of the pore water in sulphide tailings impoundments as a 

function of depth indicates a general increase in pH and a decrease in the redox potential on going from 

the oxidised to the groundwater interface zone_ In accordance with the conceptual acid generation­

neutralisation model proposed by Morin et al (1998), and adopted and refined by a number of other 

authors (see for example Bain et ai, 2000; Blowes et ai, 2003; Jurjovec et ai, 2002), the increase in the 

pore water pH with depth occurs in distinct steps corresponding to the zones of precipitation/dissolution 

of specific solid phases, viz. ferric oxyhydroxides, aluminium hydroxides and finally carbonate minerals 

(siderite, followed by calcite). These pH buffered zones are indicated diagrammatically in Figure 7.1. 
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Primary sulphidRs and 

pH: 3-3.7 

Figure 7.1: pH profile5 and key controlling solid phasM in tailing. impoundment> (b05~d on th~ 

conceptual model oj Morin et ai, 1988) 

The pH and redox potentia: prolilos through tho tailings impolll<Jmoot have :mportant impli:;ations in 

terms of the cor.centrations of solublo contaminants. pH. in particular. is g<Jnomlly considered to be the 

master variable co-ntrolling mRta: mobility and spac iat'on, IxJth throll;lh The formation of h)'Jroxice 

minRrals and adsorption onto s-ubstrato SlII'tacos-. As indi:;atud by the rusults in Table 7, j arK! the trend 

plots ." Appendix 7. j, thR ir.cmas-;ng and docroaSlng tr~nds in tho pH and wdo> potontial rusIX'CtiYoly 

is (lUnerally accompanioo by a roouction in the cor.centratlons- ot sol~bio contamlnanrs In tho poro 

wators within tho vmoos woos. Her.ce whilst thR concRntration oj s-oIublR contaminants- in the poro 

wators ',n tho !eM' pH, oXldat'on Looe are r"ativ"y high, atten ~ation thmug, secondary precipitation ana 

adsorption rosults- ,n s'gnit~antly lowor concuntration levels ':n the final le""hatRs enlRrging from thR 

baso 01 t~o impo<.rndmont. Tho typ~al spatially r~atoo contaminant conce-ntration trends me ill~strated 

graphically in Flguro 7.2 ovorloaf 

In gRneral thR b~tte"ng capacity 01 tho undorlylng tallinl)"> will limit tho m'Jratoo of low rt1 wakrs and 

harmf~j co-ntaminants from the oxidatoo 7onO to tho surrounding onvirolY!1unt. The tlme-rolatoo pH. 

redox P<Rentials and contaminant concentration protikJs In tho migrating poro wators will. howovor, IxJ 

aepoodont on a numl:>o<' of intor·r"atod factors and Can vmy quite sigliflcantly. A key infl~er.cing factor 

is the ComPOS-ltlo-n and m'noralogy of the tailings, particularly v.ith regards to the concentration of 

sulphide and acic noutralising mi lorals. Pore walers associated with tailings containing relatively iow 

total sulphido minoral contents « 2.0 maSS % su'phioo minRrals), s~h as thuse arising from the 

procossing 01 porphyry copper ooposits, are like~ to be considerably less acidic ana Qxidising. ana 

have lower dissoNod salt and motal concontratoos, than those associate<] with tailings p'od~ed dw-ing 

flotation of mas-s-rvo sulphido oro doposits. which can have a s~1phice mineral conte.,t of up to 60"·'; , 
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Figure 7.2: Conceptu.1 sp.ti.1 model of typlc.1 sUlphide !Oilings impoundments 

Typcal pH and rodox potontial profi'os f()f tho caso of laililgs impoomtnonts wilh sUlphldo eontonts of 

tho same ()foor of mag1itudo as Ihoso expoctod for the tailings a"slr.;J from lhe milling and flotattOn of 

porP'lyry·tyPO eOr>lX'r su';::-hido oro doposHs (sw dala in ApporKllX 7.1) aro prosontod in T ablo 7,2, 

hble 7.2: Pr~dicled pH .nd Eh profiles usociated with tailings imi>Oundm~nts arising from porphyry-tYPil 

copper deposits 
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The tyPical Eh·pH rogions OCGupiod by poro wators associatod with rorrtlYry-type sulphide tailings 

dowsilS aro co:noarod with tho proporties 01 IxJIh natura::y occurrinG anrl cortaminated water sources 

in Figuro 7.3. The pore waters in the o,,:;flsmg zooe of tallirgs rnpOundments have similar Eh';JH 

oroflles to that 01 mine waters. being strongly to weak:\' aeKJic and modomlo'y oxidising, He pH ;Jrofilos 

ot the O()fe waters in the t'ansitiona: and uno.idised zones of the lai:ings aro, howovor, closor to thoso 

of natura~\' occurring ran wate.- and streams_ with the redox potenlia: Iypically boing inlorrnodiato 

between those of tYr:<cal natura: surfnco arK! ground\\iatc-r SOureOS, 
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Garret., 1960 .nd BrOOkins, 1988) 

The properties of tho pore wators arISing from a spoci!ic tailings mato.-iai will not on~ vat)' with depth 

(La. spatially), as ililJStratod in FfGures 7.1 and 7.2, but also with tme (i.e. temporally). In tho early 

stages of weathering, dissolution of calcite can mantain the lai:ings pore water pH near neutra: 

(typ Koa l~ 5.5-6.5), and tho rata and oxtoot 01 oxidation in thD rolativ~y satlJratod taf ngs is slow to 

t"iOilHgible. As tho concentrations of re"':tly ava:lablo neutra: is ing reagents IS ll:'h as cakoito) bocomo 

depleted and the rate and extent of sulphide oXidation near the surtace of the impoundment increases , 

the pH of the pore water in this zone becomes increasingly acKiic - With a corresponding ire rease in the 

mobilisation of metals, and dissolutia1 of the less reactive neutralising reagents such as silicates, 

Mob'llised contaminants whc h migrate from the lo w pH oxidation zone are I"'g"y attenuated through 

the formation at secondary soi;:; phases at the h! !J1er pH values associated With the lower zones. As 

the sulphide content of the shallow tailings i:>ecomes depleted ov'" time, the zone of the active sulphide 

mineral ox;dJf()n migrates deeper into the tailing" at a rate that is dependen: on the oxygen diffusion 

cooflkoient and the rato of biologically accoloratod SUllXlido minoral oxidJtion, Tho oxtoosion of :he low 

pH oxidation zone rosults in thD ro-mobilisation of contam " ants associated w'rth secoodary so"d 

phases, wh~h then mfGrato doepor into the tail:ngs dopos,t where thoy aro ro-proc!pitated or adsorbed. 

As in the Case of the oxidatKJn zone, the depths at ,'>'hich the secondary solid phases aocUtllulate will 

become pro~essive'y lower over time, Eventually the lurthof ingress of 0, into tho talilngs and 

extension of :he oxida:ion zone t>ecomes ' mited by thD mois:uro conton:, and tho rato and extent of 

sulphide oxidation starts to declirtO as the sUlphido minorals in tho oxidation ZOllO bocomo depi oted 

Whilst the roloase of acidity may continuo for SomD tlmo. dw to jarosito convorsion and to continued 

advar.::ement of low qlJality acidic water, a decline in the sup hide oxidJt,on rato will bo accompal1 iod by 
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a gradual decrease in the acidity of the pore waters and the primary release of metals to the pore water 

in the oxidation zone. As the tailings are exposed to fresh volumes of infiltrating water, the release and 

transport of dissolved metals will, however, continue mainly as a result of dissolution/precipitation and 

adsorption/desorption reactions of the secondary solid phases with changing pH conditions. The pH of 

the pore waters and the release of solid components in the transition zone are thus likely to become 

increasingly dominated by the compositions and chemical behavior of the secondary precipitates over 

the long-term. 

The time-scales of sulphide mineral oxidation and the transport of dissolved constituents can vary quite 

considerably. In most cases, however, the slow rate of water flow and buffering capacity of the 

underlying tailings or adjacent aquifer materials will limit the migration of low pH waters and harmful 

contaminants from the tailings impoundment to a significant extent, and environmental degradation or 

pollution may only occur many decades, or even centuries, atter mine closure. Whilst Blowes et al 

(2003) has reported peak oxidation from a tailings impoundment with a low to moderate sulphide 

content and a shallow water table to occur within approximately 3 decades, the migration of acidic pore 

waters from the Piuquenes copper tailings in Chile, which are 35 to 45 m in depth, is predicted by 

Wiertz (2005) to only start being evident approximately 4 centuries after mine closure. 

7.2 Screening and prioritising constituents in terms of potential 

environmental significance 

As discussed in Chapter 2 of the thesis, the components of solid mineral wastes can be sub-divided 

into three main groups in terms of their potential impact on the surrounding environment, viz: 

., Major soluble salts: This group includes the soluble salts, such as sulphates, carbonates, 

chlorides and phosphates, of the commonly occurring alkali metal (Na and K) and alkaline earth 

metal cations (Ca and Mg). In general, salts are seldom present in high enough concentrations to 

be toxic, and guideline values for individual salt ions are considered unnecessary. Cumulatively, 

however, salts may cause significant environmental problems, with elevated levels of TDS (total 

dissolved salts) being commonly linked to reduced plant productivity, as well as ecotoxicity and 

even human toxicity effects. In the case of porphyry-type copper sulphide tailings, the relatively 

high concentrations of dissolved sulphate (typically in the range of 5-25g/l) will contribute 

significantly (generally;::: 70 %) to the TDS of the tailings pore waters . 

., StrategiC trace-minor metals and metalloids. This group includes metals and metalloids which 

generally only occur in soluble form in natural environments at relatively low concentrations, and 

which frequently exhibit ecotoxicity and mammalian toxicity effects if present at sufficiently elevated 

bioavailable levels. Many of the chalcophilic elements, such as Cd, As, Sb and Se, are both highly 

enriched in copper sulphide tailings relative to their average crustal abundance and highly toxic. 

Even iron and aluminium are generally relatively scarce in soluble form in natural environments, 

166 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 7 

and although not high", to.ic, can have a delete.-ious effect on the physeal and aesthete 

properties of water sources if present at elevated cor.;entrations 

• Acidity; Acidity MS a major influence 00 the enVironmentat and bkHoo"al avaJlabillty of many 

metal and motallO<ds. and tts impact is thus mostly indirae!. Diroet ..cotoxicity oll..cts, as well as 

impacts 00 the human consumption and the use of water sources will, however, also occur at low 

pH values (~5.51. 

This section of tha thesIs is conea-rnad With the scraoolng and ranking of consfltuants with., typical 

cOP\Xlr sullXlido tailings in accordanca with the ganar;:; malhodo<ogy daveloped wilhin Chap:~r 2 of the 

'hesis, as well as tha information gaimld frOOl the raloiaw in lhe pravious SOClion. As oullinad n Figura 

7.4, this will entail eS'imating and comparng the hazard, roaclivity, allooua:ion, motilily and, ullima:aly, 

environmental risk potential factors tor the n diviWal elements at 'heir maximum predicted 

corcentra:,on levels (see Table 0.5 i~ Chapter 61, in a system at., and sc""ntif"ally rol:J.ust manl1er 

stt:p j. Estim"t,,) hazaITI polo')nti , 1 f, ctexs 00 tho nasis of total ma>imlJm, cr.~iron rn--,,-," I'" 

acceptable and 1I1licai natural concenlr«tw lev~s 

Sl~p 3: Estimate .ubs€-quent attenuation IXltential factc:<s ar'd calculate available 
cex)Centrat~ ' , nd Irsk pol.-,nthl helors on lho.') n,,"s of net mohilrty ') ' dispo,",1 s ea),"'" 

Sl~p 4 Compare predet"'n. with avah ble tlek! ar<:f,'ex lalxlratc:<y-s.cale empirk:al data I . 

Frgure 7.~: Proc~dural framework for the screening of potentIally strategIc constltuent5 111 copper 

.ulphid~ lai~""$ 

7.2.1 Hazard potential predictions 

In accoraar.ca with discussions in Chap:ar 2, a quantitativa astimata of tha hazard potential of the 

various waste cons:ituents can be derived rrom their pOlentialtox;:;ily and human eonsump'ion errects. 

as well as ,hoir back[1oond con~entratlon lov~s in natural oovironmonts, in accordance With Equation 

2.3a-b 
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Hazard potential factor = (m. effect factor).(n. enrichment factor) Equa 

Hazard potential factor = (m.n)(solid concentration)2 I((m.environmentally 

acceptable concentration).(n.typical natural Equation 2.3b 

concentration)) 

Where m and n are weighting factors indicating the relative importance of the effect and enrichment 

factors 

Furthermore, standards such as drinking water quality criteria and average crustal abundance values 

provide convenient surrogate measures of acceptable risk concentrations and typical natural 

concentrations respectively (Section 2.3.2). In accordance with this, the maximum hazard potentials of 

elements in flotation tailings from porphyry-type copper sulphide ores have been calculated on the basis 

of their predicted maximum total concentrations (as derived in Chapter 6 of the thesis), typical drinking 

water guideline limits, and average crustal abundance values. The results of these calculations are 

summarised, and the elements grouped and ranked accordingly, in Table 7.3. Detailed results are 

presented in Appendix 7.2. 

Assuming that solid waste constituents are only likely to pose a moderate to high risk to the 

environment at hazard potential factors ~ 1000, elements in Group IV of Table 7.3 can be considered to 

be of low environmental significance (Le. non-strategic). Whilst all of the elements in Groups I to III 

have the potential to be present within copper sulphide tailings at environmentally significant 

concentrations, only a few of elements, namely S, AI, Fe, Si and Cu, are likely to be present at 

environmentally significant levels in a/l cases. 
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Table 7.3: Generic ranking of potentially strategic elemental components in typical copper sulphide 

tailings on the basis of hazard potential 

Group description Maximum hazard potential Elements 
factor/1000 

I: Very high environmental significance >10 000 As 

II: High environmental significance A: 1000-10 000 A:Cd,Mo 

B: 100-1000 B: S, Se, Fe, AI, Ag, Sb 

III: Moderate environmental A: 10-100 A: Mn, Bi, Pb, Si, Cu, F, B 
significance 

B: ~1 B: W, REE, Sn, Cr, Ti, Be, Ni, 
Zn, Ca, Ba, Te, Hg, TI, P 

IV: Low environmental significance: A: 0.1-1 A: K, Na, Mg, V, Zr, Re 
non-strategic elements 

B::s; 0.1 B: CI, Sr, In, Nb, Ga, Li, Hf, 
Sc, Ta, Br, Au, I, Co, U, Rb, 
Ge 

Calculations: 

Hazard potential factor = (m.n)(solid concentration(ppm))2 I[(m.water quality criteria (ppm)). (n.average 

crustal abundance (ppm))] 

Assumptions: 

It the effect and enrichement factors are of equal importance: Le. m=n=1 

It solid waste constituents are likely to pose a moderate to high risk to the environment at hazard 

potential factors ~ 1000 

It elements in bold are likely to be of environmental significance even at the minimum predicted 

concentration levels (see Table 6.6 in Chapter 6 and detailed calculations in Appendix 7.2) 

7.2.2 Reactivity, attenuation and availability potential factor predictions 

As discussed in Chapter 2, a measure of the potential risk posed by a particular waste constituent 

needs to be based not only its inherent capacity to cause harm or damage (Le. on its hazard potential), 

but also on its potential to be available for release to the environment (Le. its availability potential). 

In accordance with the generic chemical behaviour model for solid mineral wastes deposits developed 

in Chapter 2 (see Figure 2.8), the fraction of a solid waste which is potentially available for release from 

a solid waste under disposal conditions can be predicted in three methodological steps. In the first step, 

that fraction of a solid constituent considered likely to be mobilised through weathering and alteration 

reactions of the primary phases is estimated and the associated risk potential factor calculated by 

substituting the reactive constituent concentration for total concentration in Equation 2.3b. The second 

step entails the estimation of the extent to which mobilised elements of potential environmental 

significance are likely to be attenuated through secondary precipitation and/or adsorption reactions. 
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Finally, the availability potential factor, Le. the net mass fraction of element in the solids predicted to be 

available for release to the environment over the expected deposit life time (typically 100 to 500 years 

(Hansen, 2004)), of elements is estimated in accordance with Equation 2.6. 

Availability Potential Factor = Reactivity potential factor x (1-attenuation potential 
Equation 2.6 

factor) 

..... ····~···_·····_········ .... __ ··· __ ·_········_.H· ..................... ........................ ....................... .................... ................. 

Reactivity potential factor: The mass fraction of elements in the solids predicted to be mobilised 

through primary weathering and alteration reactions of the solid phases. 

Attenuation potential factor: The mass fraction of mobilised elements attenuated through secondary 

preCipitation and adsorption reactions 

Reactivity and associated risk potential factors for primary phase elements 

In accordance with the review and assessment in Section 7.1, the weathering and alteration of primary 

phases within a sulphide tailings impoundment will be governed largely by the oxidative dissolution of 

sulphide minerals within the oxidation zone, and acid hydrolysis of primary carbonate and silicate 

minerals in the oxidative and transitional zones of the impoundment, both of which are slow, kinetically­

controlled reaction mechanisms. 

On the basis of general literature information (Duda & Rejl, 1986; Thornton, 1983) and published pH­

potential diagrams (Brookins, 1988; Garrels, 1960), the primary mineral phases typically occurring within 

porphyry-type copper sulphide flotation tailings (as identified in the previous chapter of the thesis) can 

be grouped in accordance with their thermodynamic stability under the likely Eh-pH conditions 

associated with the oxidation and transitional zones of a typical tailings impoundment, as described in 

Table 7.4. 
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Table 7.4: Qualitative description of the predicted thermodynamic stability of primary minerals in typical 

copper sulphide tailings within the oxidation and transitional zone 

(based on Brookins, 1988; Dud'a & Rejl, 1986; Garrels, 1960; Thornton, 1983) 

Thermodynamic Mineral description Associated elements 
stability 

Unstable Sulphide minerals As, Cu, Fe, Pb, Se, Cd, Se, 
Mo, Sb, Te, Ag, Bi, Zn, Ge, 
Hg. 

---------------------------------------------------------------------------------- ----------------------------------------------------------

carbonates Ca, Mg, (Mn) 

calcite, ankerite, siderite, dolomite, 
rhodocrosite 

Partially stable Simple and complex oxides: W, U, P, (Mn), (Fe), F 

wolframite/scheelite; uranninite; the oxides 
of Mn; Fe oxides (goethite and haematite); 
apatite. 

Stable Acid insoluble silicates 

AI silicates (biotite, chlorite, feldspar and 
AI, K, Na, Ba, (Mg), (Fe), (Si) 

albite); calc-alkaline silicates (amphibole, 
epidote); beryl; tourmaline; sphene ' Be, B, Ti, CI, U, Rb, V, Sr 

----------------------------------------------------------------------------------- -----------------------------------------------------------

Acid insoluble oxides 

monazite; cassiterite/stannite; chromite REE, Sn, Cr, (Fe) 
----------------------------------------------------------------------------------- ---------------------------------------------------------

Metals PGMs, Au 

Inert Quartz, zircon, columbite/tantalite (Si), Ta, Nb, Zr, Hf. 

Where: Elements in brackets are indicative of minor to partial associations with mineral phases in 
this group. 

Furthermore, as discussed in Chapter 5 (Section 5.2), the potential reactivity of the identified mineral 

phases can also be inferred from the results of empirical sequential chemical extraction (SCE) studies. 

Table 7.5 ranks the potential reactivity of elements in the primary zone of a base metal sulphide tailings 

impoundment based on the results of SCE tests conducted by Carlsson et al (2002) and Oold & 

Fontbote (2001). 
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Table 7.5: Reported results from sequential chemical extraction tests on tailings from the unoxidised 

tailings impoundment zones (Carlsson et ai, 2002; Cold & Fontbote, 2001) 

Residual fraction 
(% of total) 

Range 

Highly reactive (> 90% ) 

Arithmetic 
mean 

Reactive fraction 
(% of total) 

Range 
Arithmetic 

mean 

Cu 0.7-14 4.1 86-99 95.9 
------------------------------------ ---------------------- ----------------------- ------------------------ ----------------------

S 0 0 100 100 
------------------------------------ --------------------._- ---~------------------- ------------------------ ----------------------

Zn 0-21 9.1 79-100 90.9 
------------------------------------ ----------------------- ----------------------- ------------------------ ----------------------

Pb 0-16 4.1 84-100 95.9 
____________________________________ _ ______________________ __________ ~~ ___ ~ _______ ________________________ _______________ ~ __ v __ _ 

As 0-36 9.0 64-100 91.0 
--------~---------------------------- ----------------------- ----------------------- ------------------------ ----------------------

Mo 0-12 5.3 88-100 94.7 
------------------------------------ ----------------------- ---------------~------- ------------------------ ----------------------

Cd 0 0 100 100 
Ni 0 0 100 100 

Reactive (75-95%) 
Fe 6-25 16.0 76-94 84.0 

------------------------------------- ----------------------- ----------------------- ------------------------ ----------------------
Mn 10-24 15.9 76-90 84.1 

------------------------------------ ----------------------- ----------------------- ------------------------ ----------------------

Cr 11-22 16.7 78-89 83.3 

Partially reactive (50-80%) 

---------------~~--------------+-----~~~~~-----+------~~~%------+-----~~~~~-----+------~~~-~-------
Relatively unreactive (5%-50%) 

AI 70-89 83.5 11-30 16.5 
K 85-97 92.5 3-16 7.5 

Na 77 -96 86.7 4-23 13.3 
------------------------------------ ----------------------- ----------------------- ------------------------ ----------------------

Ti 53-100 75.8 0-46 24.2 ________________________________ a___ _ ______________________ __________ ~~_~ __ ~ __ ~ ___ _____________________________________________ _ 
V 49-76 60.7 24-51 39.3 
Ba 

Inert «5%) 
Si I 

73-83 78.3 

97 I 96.5 I 

17-27 21.7 

3.5 I 3.5 

Where: Only that fraction of an element remaining in the residual 
phase is considered inert over geographical time. 

Predictions pertaining to the potential reactivities of the primary phases and associated elements on the 

basis of the qualitative theoretical information (summarised in Table 7.4) and available empirical data 

(summarised in Table 7.5), are presented in Table 7.6. 
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Table 7.6: Predicted reactivities of the constituents associated with primary phases within the oxidation 

and transitional zone of typical copper sulphide tailings impoundments 

Thermodynamic stability Predicted reactivity Associated elements 
potential factors 

Unstable 0.9-0.95 Chalcophilic elements present almost 
exclusively as primary sulphides: As, Cu, 
Pb, Se, Cd, Mo, Sb, Te, Ag, Bi, Zn, Ge, Hg 

Partially stable A: 0.75-0.95 A: Elements present largely as unstable 
sulphide or carbonate minerals but 
partially as stable gangue minerals: Mn 
and Fe 

B: 0.5-0.S B: Elements present to a significant extent 
in both stable and unstable forms: Ca and 
Mg 

C: 0.4-0.6 C: Elements present as partially stable 
oxides: W, F, P, U 

Stable 0.1-0.3 Elements present as acid insoluble 
silicates and oxides: AI, K, Na, Ba, Ti, V, 
Cr, CI, Be, Li, Rb, Sc, REE, Sn, Ga, B 

Inert 0-0.05 Elements present as stable metals and 
oxides: Si, Zr, Hf, Ta, Nb, Au 

Risk potential factors derived in accordance with step 2 of the conceptual methodology outlined in 

Figure 7.4 (i.e. through the substitution of that fraction of each tailings constituent that is likely to be 

mobilised within the oxidation and transitional zones of the impoundment through primary dissolution 

reactions into Equation 2.3b), are presented in Table 7.7. Detailed results are presented in Appendix 

7.2. 

The results indicate that many of the lithophilic gangue elements identified as having a moderate 

hazard potential (Si, Ca, Ba, Be, REE, Cr, P, Ti and Sn) are present within the tailings as relatively 

stable oxides and/or silicates and will thus not pose a significant risk to the environment in a disposal 

scenario. Similarly, on the basis of the stability of the primary AI-K-silicates within a typical tailings 

impoundment, aluminium is only predicted to pose a moderate risk to the environment, in comparison 

to its relatively high hazard potential. 

Attenuation and availability potential factors for selected elements 

As discussed in Section 7.1, precipitation, co-preCipitation and adsorption reactions are important 

controls on the concentrations of waste constituents in the tailings pore waters, particularly over the 

long-term. The surfaces of ferrihydrite, also referred to as hydrous ferric oxide (HFO), are particularly 

important sites for retention of metals and metalloids, and are dominant secondary solid phases in 

tailings impoundments. 
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Table 7.7: Generic ranking of potentially strategic elements in typical copper sulphide tailings based on 

predicted maximum reactivities of primary solid phases in the oxidation and transitional zones. 

Group description 

I: Very high environmental 
significance 

II: High environmental 
significance 

III: Moderate environmental 
significance 

IV: Low environmental 
significance: non-strategic 
elements 

Calculations: 

Maximum risk potential 
factor/1000 

>10000 

A: 1000-10000 

B: 100-1000 

A: 10-100 

B: >1 

A: 0.1-1 

B: s 0.1 

Elements 

As 

A: Cd, Mo 

B: Fe, S,Aa, Se, Sb 

A: Mn, Bi, AI, Cu, Pb 

B: Ni, Te, Hg, F, B, Zn, W 

A: REE, Si, TI, Sn,Ca, Ti, Be,Mg, 
P,Ba 

B: K, Re, In, U, Na, V, Rb, CI, Sr, 
Ga, Li, Zr, Sc, Br, Nb, I, Hf, Ta, 
Au, Cr, Ge, Co 

.. Reactive concentrations (ppm) = reactivity potential factor x total element concentration in 

solid tailings (ppm) 

.. Risk potential factor = (m.n)(reactive solid concentration(ppm))2/[(m.water quality criteria 

(ppm)). (n.average crustal abundance (ppm))} 

Assumptions: 

• the effect and enrichment factors are of equal importance: i.e. m=n=1 

.. solid waste constituents are likely to pose a moderate to high risk to the environment at risk 

potential factors;::: 1 000 

• elements in bold are likely to be of environmental significance even at the minimum predicted 

concentration levels (see Table 6.6 in Chapter 6 and detailed calculations in Appendix 7.2) 

In contrast to the oxidative dissolution and acid hydrolysis reactions described above, the solid phase 

precipitation and adsorption reactions are generally rapid, equilibrium-controlled reactions. This 

suggests a role for predictive thermodynamic models (also termed equilibrium speciation modelling or 

aqueous geochemical models), which can predict the extent of constituent attenuation through 

precipitation and adsorption reactions in response to changing redox potential, pH and solution 

composition. A particular advantage of thermodynamic models in predicting the extent of mobilisation of 

solid waste constituents in a disposal scenario is that they provide data on the concentrations as well as 

the speciation of elements in the generated leachate. As discussed in Chapter 2 of the thesis, the 

chemical form or speciation is of particular relevance to the toxicity of metals and metalloids. 
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Two commercially available thermodynamic models have been used to identify the key attenuation 

mechanisms and to estimate the extents of attenuation of selected sulphide tailings constituents 

(specifically those elements in groups I-III of Table 7.7), viz: Visual MINTEQA2 version 4.0 of the US 

EPA CREAM (upgraded in April, 2005) and Outokumpu HSC Chemistry@ for Windows, version 5.1 

(upgraded in October 2002). A detailed example to illustrate how these two thermodynamic models are 

combined with published thermodynamic data for the determination of iron attenuation (through 

secondary precipitate formation) and speciation has been provided in Chapter 5 of the thesis (see Box 

5.1). The nature of the modelling output data is illustrated in Figure 7.5. Details in terms of model input 

data and derived Eh-pH diagrams are presented in Appendix 7.3. 

Concentration Activity Fe(T): 10 00 ppm; S(T): 10 000 ppm 

Fe(OH)2 (aq) 1.69E-18 1.71E-18 K(T): 1000 ppm; pH: 2.5; Eh: 650 mV 

Fe(OH)2+ 1.02E-05 8.57E-06 Solids I Concentration (M) I 
Fe(OH)3- 2.05E-26 1.71 E-26 K-Jarosite 12.56E-2 I Fe(OH)3 (aq) 1.5E-12 1.52E-12 

Schwertmannite 4.36E-3 

Fe(OH)4- 1.13E-17 9.51E-18 

Fe(S04)2- 0.000163 0.000135 % of total Species 
Component component 

Fe+2 0.010694 0.005391 concentration name 

Fe+3 0.000187 4.87E-05 Fe+2 70.706 Fe+2 
Fe2(OH)2+4 5.76E-06 3E-07 29.294 FeS04 (aq) 
Fe3(OH)4+5 5.91E-08 5.83E-10 K+1 97.699 K+1 
FeOH+ 8.14E-10 6.8E-10 2.301 KS04-
FeOH+2 0.0003 0.000146 S04-2 43.275 S04-2 
FeS04 (aq) 0.004431 0.004502 20.956 FeS04+ 
FeS04+ 0.003527 0.002946 1.933 Fe(S04)2-
H+1 0.003673 0.003162 7.512 HS04-
HS04- 0.001264 0.001051 26.325 FeS04 (aq) 
K+1 9.42E-09 7.72E-09 Fe+3 4.464 Fe+3 
KOH (aq) 4.21E-20 4.25E-20 83.988 FeS04+ 
KS04- 2.22E-10 1.86E-10 3.873 Fe(S04)2-
OH- 3.85E-12 3.17E-12 7.153 FeOH+2 

S04-2 0.007283 0.003402 0.243 Fe(OH)2+ 

0.274 Fe2(OH)2+4 

% Total 
Component Total dissolved dissolved precipitated % precipitated 

Fe+2 0.015124 100 0 0 

Fe+3 0.004199 2.562 0.15974 97.438 

H+1 0.004605 100 0 a 
K+1 9.64E-09 0 0.025574 100 

S04-2 0.01683 16.167 0.08727 83.833 

Figure 7.5: Example of the thermodynamic modelling output data: the K-Fe-S-H20 system 

Attenuation and availability potential factors for, as well as the key reaction mechanisms governing, 

selected elements on the basis of the thermodynamic modelling outcomes, are presented in Table 7.B. 
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Table 7.8: Attenuation and net availability of selected elements in typical copper sulphide tailings 

impoundments: First-order predictions 

Attenuation Availability 
Element Dominant attenuation mechanism(s) potential potential 

factor factor 

Extensive attenuation 

Arsenic Adsorption onto hydrated ferric oxides 0.98-1.00 <0.02 

• Precipitation of anglesite (PbS04) and/or 
Lead 0.99-1.00 <0.01 

• Adsorption by ferrihydrite 

Selenium Precipitation of copper selenides (Cu2Se). 0.95-1.00 <0.05 

• Precipitation of calcium molybdate (CaM04) and/or 
Molybdenum 0.98-1.00 <0.02 

• Adsorption by ferrihydrite 

Antimony Precipitation of oxides Sb(OHh and/or Sb20 4 0.97-1.00 <0.03 

Iron 
Precipitation of jarosite, ferrihydrite, goethite and, to a 

0.97-1.00 <0.03 lesser extent, schwertmannite 

Tellurium Precipitation of CU2Te and/or TeO 0.99-1.00 <0.01 

Silver Formation of metallic Ag >0.99 <0.01 

Bismuth Precipitation of Bi20 3 0.98-1.00 <0.02 

Aluminium 
Precipitation of alunite, gibbsite and, to lesser extent, 0.99-1.00 <0.003 jurbanite and kaolinite 

• Metallic copper formation and, to a lesser extent, 

Copper 
chalcocite (CU2S) 

0.9-1.0 <0.1 

• Adsorption by ferrihydrite 

Mercury Metallic Hg >0.99 <0.01 

Barium Precipitation of barite (BaS04) >0.99 <0.01 

Platinum Formation of metallic Pt >0.99 <0.01 

• Precipitation of CaW04 
Tungsten >0.98 <0.02 

• Adsorption by ferrihydrite 
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Table 7.8 continued ..... 

Attenuation Availability 
Element Dominant attenuation mechanism(s) potential potential 

factor factor 

Partial attenuation 

41 Adsorption by ferrihydrite. 
Cadmium 0.35-0.85 0.15-0.60 

• Partial precipitation of CdCOs possible at pH ;:: 6. 

• Adsorption by ferrihydrite 
Zinc 0.20-0.50 0.45-0.75 

41 Partial precipitation of ZnC03 possible at pH ~ 6.5 

Nickel Adsorption by ferrihydrite 0.25-0.85 0.15-0.70 

Calcium Precipitation of gypsum (CaS04.2H20) 0-0.40 0.30-0.80 

K and Na Precipitation of jarosites 0-1.00 0-0.30 

Low attenuation 

41 Adsorption by ferrihydrite. 
Manganese <0.25 0.60-0.95 

41 Partial precipitation of MnCOs possible at pH ~ 6. 

41 Precipitation of gypsum and hydroxy sulphates of Fe 

Sulphur 
and AI 

<0.20 >0.70 

• Partial adsorption by ferrihydrite possible 

Germanium Precipitation of Ge02 <0.01 >0.90 

Boron Adsorption by ferrihydrite <0.07 0.10-0.30 

Magnesium Adsorption by ferrihydrite <0.05 0.45-0.80 

Calculations: 

Attenuation potential factor == [(% precipitation) + (% adsorption)]l1 00 

Availability potential factor == reactivity potential factor x (1-attenuation potential factor) 

Calculations based on: 

• Predicted reactivity potential factors as presented in Table 7.6 

• Pore water compositions, Eh-pH ranges and formation constants for precipitated phases as 
presented in Appendix 7.3 

• Ferrihydrite surface complexation equilibrium constants as provided by the Visual MINTEQA2 ver. 
4.0 surface complexation data base (,'feo-dlm.mdb") 

• Assumed ferrihydrite solid concentrations of 10 gIl in the lower pH (4.5-5.5) zones, and 1 g/l in the 
deeper, higher pH (6-7) zones. 
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7.2.3 Risk potential predictions 

In accordance with the generic methodology outlined in Chapter 2, the available solid concentration 

levels and, ultimately, the risk potential factors for the various constituents can be derived from the 

predicted availability potential factors (Table 7.8), by means of Equations 2.Sb and 2.4 respectively. 

i 
Available concentration = availability potential factor x total solid c:oncerltrcltion ! Equatic)n :2.Sb ! 

: 

Risk potential factor = (m.n)(available solid concentration);< I((m.environmentally 

acceptable concentration). (n. typical natural concentration)) 
Equation 2.4 

The results of these calculations are summarised, and selected elements grouped and ranked 

accordingly, in Table 7.9. Detailed results are presented in Appendix 7.2. 

Table 7.9: Generic ranking of selected elements in typical copper sulphide tailings on the basis of 

predicted maximum available concentrations under typical disposal conditions. 

Group description Maximum risk potential Elements 
factor/1000 

I: Very high environmental Significance >10000 None 

II: High environmental significance A: 1000-10 000 A: Cd 

B: 100-1000 B:S 

C: 10-100 C:Mn 

III: Moderate environmental significance 1-10 As>B, Mo, Se 

IV: Low environmental significance 0.1-1 Sb, Zn, Ni, Fe, Si, Ca, Cu, Mg, 
F 

V: Non-strategic elements s 0.1 Bi, Na, AI, Ag, Ba, W, Te, 
Pb, K, Ge, Hg, REE 

Calculations: See Equations 2.Sb and 2.4. 

Assumptions: 

• the effect and enrichment factors are of equal importance: i.e. m=n=1 

• solid waste constituents are likely to pose a moderate to high risk to the environment at risk potential 

factors 2: 1000 

• elements in bold are likely to be of environmental Significance even at the minimum predicted 

concentration levels (see Table 6.6 in Chapter 6 and detailed calculations in Appendix 7.2) 
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The risk potential factors and hence relative environmental significance of the waste constituents will be 

highly dependent on their total concentrations in the tailings, which in turn will be dependent to a greater 

extent on their concentrations within the feed ore. Hence, whilst all of the elements in Groups I to IV 

have the potential to be present within copper sulphide tailings at environmentally significant 

concentrations, only S, and to a lesser extent, Mn are predicted to be consistently present at 

environmentally significant levels. 

7.2.4 Reconciliation of predicted and available empirical data 

Available data pertaining to the compositions of pore waters from actual sulphide tailings 

impoundments, as reported in the open literature. has been summarised in Table 7.1. and detailed in 

Appendix 7.1. This data is reconciled with typical drinking water quality guideline limits in Table 7.10 (A 

and B). 

A comparison of the empirical data in Table 7.10 with the predictions reported in Table 7.9 confirms that 

there is a high probability that both manganese and sulphate will be present in migrating tailings pore 

waters at concentration levels which will have a significant impact on the surrounding environment. The 

field results also confirm that. depending on their initial solid concentrations, arsenic and zinc may also 

be of direct environmental significance. Discrepancies, however, exist with regards to cadmium. iron 

and the major soluble cations, particularly calcium. Whilst field result confirm that Cd is generally 

present at environmentally significant concentrations in the pore waters present in the upper 

(particularly the oxidation and transitional) zones of the tailings impoundments, subsequent attenuation 

of Cd appears to be more significant than that predicted on the basis of thermodynamic considerations 

alone. Field results indicate that iron, on the other hand, is more mobile and of greater direct 

environmental significance than that predicted on the basis of thermodynamic considerations. Iron in 

the pore waters from actual tailings impoundments is probably mainly in the form of ferrous iron (Fe(II)), 

which is stable in the absence of oxygen and is considerably more mobile than ferric iron (Fe(llll)). The 

elevated concentration levels of Fe(lI) in the field pore waters can possibly be due to: 

.. incomplete oxidation of ferrous iron arising from the direct oxidation of iron sulphide minerals in the 

oxidation zone, due to slow reaction kinetics; and/or 

.. the partial dissolution of relatively reactive primary Fe(lI) minerals such as siderite in the lower 

unoxidised regions of the impoundment. 

The relatively high concentration of calcium in the field pore waters at the groundwater interface zone 

may also be due to the dissolution of reactive primary Ca-bearing minerals such as calcite in the lower 

unoxidised regions of the tailing impoundment, upon contact with weakly acidic waters migrating from 

the upper regions. 
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Table 7.10: Potential environmental significance of constituents in the pore waters from actual sulphide 

tailings impoundments 

A' Minimum field concentrations 

Group description 
Surface/ T ransitionall Groundwater 

oxidation zone unoxidised zone interface zone 

Soluble concentrations exceeding - Fe -
general drinking water criteria by > 1000 

Soluble concentrations exceeding H+ In -
general drinking water criteria by 100-
1000 

Soluble concentrations exceeding Mn, Ni. sulphate, Pb, sulphate. Mn Mn, sulphate 
general drinking water criteria by 10-100 AI, In, Cd, 

Soluble concentrations exceeding Fe, Ca, Si, TDS Mg, Si, As, Ni, Cu, Fe, Ca, TDS 
general drinking water criteria by 1-10 Cd, TDS 

Soluble concentrations not exceeding Co, Pb, Mg, As, CI, Na, K, Ca, AI, K, In, Na, As, Mg, 
general drinking water criteria CI, Na, Cu, K, Cr, Co, Cr, Sr, H+ Si, H+ 

Sr 

B' Maximum field concentrations 

Group description Surface! T ransitionall Groundwater 
oxidation zone unoxidised zone interface zone 

Soluble concentrations exceeding general Mn, Cd, Fe, In, Mn, Cd, Fe -
drinking water criteria by > 1000 H+ 

Soluble concentrations exceeding general AI, Ni, sulphate, AI, sulphate, H+ -
drinking water criteria by 100-1000 Pb, 

Soluble concentrations exceeding general Mg, As, TDS Mg. As, Ni, Pb, Mn, sulphate, Fe. 
drinking water criteria by 10-100 TDS In, TDS 

Soluble concentrations exceeding general Si, Na, Ca, Cu, Si, Na, Ca, Na, Mg, As, Ca, H+ 
drinking water criteria by 1-10 Co, 

Soluble concentrations not exceeding K, Cr, CI, Mo, Sr Cu, Co, K, Cr, CI, Si, AI, K, CI, Cd, 
general drinking water criteria Mo, Sr Pb, Mo, Sr, Cu, Cr 

Table 7.11 groups and ranks the constituent elements commonly associated with porphyry-type copper 

sulphide tailings in accordance with potential environmental significance, on the basis of available field 

results and fundamental thermodynamic considerations. The results of this study indicate that salinity 

(comprised mainly of sulphate salts) and the individual metals Mn and Fe are likely to be of 

environmental significance for all porphyry-type copper sulphide tailings. Other components which may 

be of environmental significance, depending on their concentrations within the specific feed ore, include 

the As, Zn, Cd, S, Mo, Se and, to a lesser extent, Ni, Co, Sb and Si. Acidity may also be of 

environmental concern for certain ore bodies. 
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Table 7.11: Generic ranking and grouping of selected elements in pore waters from porphyry-type copper 

sulphide tailing impoundments on the basis of predicted environmental significance 

Group Constituent components Measurable indicators 

Components likely to be of Major soluble salts: TDS or EC. 
environmental significance under most 
conditions Mainly the sulphate salts of Ca 

and, to a lesser extent, Mg and 
Na 

Metals: Individual concentrations 

Mn. Fe 

Components which may be of Metals: Individual concentrations 
environmental significance for certain 
deposits or under specific conditions As, Zn. Cd. B, Mo, Se> Ni, Cu. 

Sb, Si 

Acidity: 

H+ pH 

7.3 Summary and concluding remarks 

The aim of this chapter was to demonstrate the applicability of the generalised methodologies, scientific 

techniques and associated criteria, as developed in the previous chapters of the thesis, to screen and 

rank constituents within typical porphyry-type copper sulphide flotation tailings on the basis of their 

potential environmental significance under disposal conditions. This involved estimating and comparing 

the hazard and availability potentials of the various constituents at the generic concentration levels 

predicted within the previous chapter of the thesis, thereby highlighting the links in the ore formation-;. 

ore extraction & beneficiation -;. waste disposal -;. environmental impact causal mechanism chain. 

The outcomes of this case study have confirmed that it is necessary to consider three separate 

impacted land footprints in terms of the potential environmental impact posed by solid mineral wastes 

such as the copper sulphide tailings under disposal conditions, viz a salinity footprint, an acidity footprint 

and a metals footprint. Whilst consideration of total dissolved solids (TDS), or even dissolved sulphate 

concentrations, is appropriate for defining a salinity footprint and pH for defining an acidity footprint, 

development of an appropriate metals footprint requires the identification of a strategic metal, the 

footprint of which encompasses that of the other metals. Although the predictions in this chapter have 

identified a number of potentially strategiC metals, including Mn, Fe, As, Zn, Cd, S, Mo, Se, Ni, Cu, Sb 

or even Si, their relative significance will be dependent on their actual waste-specific concentration 

levels. In line with discussions in the previous chapter this will, in turn, be largely dependent on the 

element concentrations within the feed ore and will vary according to the geological history and other 

physio-chemical properties of the site in which the deposit occurs. 
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Appendix 7.1: Available data pertaining to the chemical compositions of pore waters in generic sulphide 
tailings deposits 

Reported pH, Eh and component concentration ranges as a function of impoundment zone 

Surface zone Oxidation zone 

Parameter* Deposit 1 Deposit 2 Deposit 3 Deposit 1 Deposit 2 Deposit 3 Deposit 4 Deposit 5 Deposit 6A Deposit 6B Deposit 6C 
(Carlsson, (AI et al (Van (Carlsson, (AI t I (Van (Patinha et (Benner et (Kontopoulos (Kontopoulos (Kontopoulo 

, Huyssteen, e a, Huysstaan, s at ai, 
2003) 2000) 1998) 2003) 2000) 1998) al,2004) al,2000) at ai, 1995) at ai, 1995) 1995) 

pH 3.4 3.9 3.6 3.2 4.4 4.2 3.6 3.5 2.5 2.3 4 
---------------.----------- ------------------------ --------------------- -------------------------- ---------------- .------------------ ------------------------ ---------------- ------------------ --------------------- ---------------- -------------------

Redox (mV) 550 621 459 621 415 450 520 420 
-------------------------- ----------------------- ------------------- ------------------ ----------.-------- --------------------- ---------------------- ---------------------- ---------------------- ----------------------- ----------------------- ----------------------

TDS 3460 27390 7918 32113 

Ca 370 452 426 370 458 461 500 400 500 
--------------------------- ---------------------- ----------------- --------------------- -------------------- ---------------------- ----------------------- ------------------- -------------------- ------------------------- ------------------ ---------------------

Mg 44 3000 1938 145 3550 2158 1000 2200 700 

Na 343 69 20 12 110 23 
---------------------------t-----------,-o-----------+---------------------- -----------_--::-----------+-----------:_----------j---------:::-::-------+-----------::--:---------+---------------------+---------_.---------+------------.. ------------+-----------.. ----------------~-----------.. ---.--------l 

K 19 40 12 3 70 24 
------------------t--------··-~--:::------·---+---------------------- -------------------------- ----------------- --------------------- ---------------------- ------------------- -------------------- ---------------------- --------------------- ---------------------

-------~-~-Ip-~~!~----- -------~-~~~-------- ------g!-~~~------ -------g~~~~------- ------§-~??..------ -----~~~~~------ -------~~~~----- --------------------- -------~~~~------ ---------!-~-~~~------ ---------~~~~----- -------!~~-~-------
CI 16 28 

--------------------------- ----------------------- ------------------ --------------------- ------------------ --------------------- ---------------------- -------------------- ---------------------- ---------------------- ------------------------ -------------------
carbonate 

Cu 0.64 2.2 0.06 0.04 2.2 0.04 

Fe 122 19 4395 1512 0.7 7886 2606 600 300 3200 80 
Zn 80 1430 852 192 4080 7.7 5000 1300 40 

--------------------------- ------------------------ ---------------------- -------------------------- --------------------- ------------------ ------------------ -------------------- ------------------ ------------------------ ------------------- ------------------------
Pb O.OOB 1.1 0.09 0.3 2.3 0.007 2.5 2.5 

--------------------- ------------------------ ---------------------- ----------------------- ------------------ -------------------- -------------------- ---------------------- ---------------------- ------------------------ -------------------- -----------------------
As 0.003 0.07 0.02 0.03 0.2 

Mo 
--------------------------- ----------------------- --------------------- ----------------------- ------------------ ------------------ ------------------ ----------------- ------------------ ------------------------- -------------------------- -----------------------

Cd 0.09 43 1.01 0.64 54 0.05 20 6 
f---------.. ------------------+------.. -----------------+------_·---------------i----------··---------------f--------.. ----------+-------------._-------+------------------------+---------------.. ------~--------------------1----------------------1--------------------------- ------------------------

Si 30 28 49 45 40 19 

AI 34 1212 158 5.5 55 
--------------------------- -------------------- ---------------------- -------------------------- ------------------- ------------------- ---------------- ---------------------- ------------------- ------------------------ ---------------- ------------------------

Mn 7 877 55 11 B11 BO 
--------------------------- ---------------------- --------------------- ------------------------- --------------------- --------------------- ------------------------- -------------------- ---------------------- -------------------------- ---------------------- -----------------------

Sr 0.3 0.2 
--------------------------- ----------------------- ---------------- ---------------------- --------------------- -------------------- --------------------- -------------------- -------------- ------------------------- ------------------------- ---------------------

Cr 0.003 4.6 0.3 0.11 
-------------------------- ---------------------- ------------- ---------------- -------------- ------------- ----------------------- ---------------- -------------- ------------ ---------------- --------------------

Ni 0.6 7 20 8 
--------------------------- --------------------- ---------------------- --------------------- -------------------- ------------------- ------------------------ --------------------- --------------------- -------------------------- ------------------- ----------------

Co 0.9 26 1.B 0.9 

~ ~ M 
----------------- ------------------- --------------------- ------------------------ ------------------- ------------------- --------------------- --------------------- --------------------- -------------------------- -------------------------- ----------------------

V 0.09 0.02 
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Reported pH, Eh and component concentration ranges as a function of impoundment zone continued ..... 

Transitional zone Unoxidised zone 

Deposit 2 Deposit 3 Deposit 1 Deposit 2 Deposit 3 Deposit 4 Deposit 5 Deposit 6B 
(AI et ai, (Van (Carlsson, (AI et ai, (Van (Patinha et (Benner et (Kontopoulos 
2000) Huyssteen, 2003) 2000) Huyssteen, al,2004) al,2000) et al 1995) 

1~ 1~ , 

Parameter • 

pH 6.8 5.7 4.2 6.6 6.8 5.8 4.9 7 
~--------------- --------------------- ---------------------- -------------------- ---------------------- ------------------------ ----------------------- ------------------------- ---------------------------

redox 217 359 165 354 350 330 
1------------------------- ----------------------- ------------------ ------------------ ------------------------- ---------------------- ------------------------- ------------------------- -------------------------

TDS 13999 3459 7299 
------------------------- ------------------------ --------------------- ---------------------- ------------------------ ------------------------- ------------------------- ---------------------- ---------------------

Ca 440 447 153 369 307 200 
----------------------------- ---------------------- ------------------------ --------------------- ------------------------- ---------------------- ------------------------- ------------------------ ----------------------------

Mg ______ !?_~_~ _________________ ~_~?~________ _ _______ ~_~_~_______ _ _______ ~_~? ____________________ ~_~!._____ _______________________ _ ___________________________________ ~22 __________ _ 
Na 720 70 8 160 97 --------------if--------- ----------86----------- -----------64---------- -----------4-------- ----------67--------- -----------42---------- ----------------------- ------------------------ ---------------------------

------------------- ---------------- ------------------- ------------------- -------------------- ------------------------- ---------------- ------------------------ --------------------------
_______ !!~~E_~_~_~~_______ _ _____ !~~~~ _____________ ~_~_~~~____ _ __ ~_?_~ _______________ ~~~_~ _________________ ~_~~~________ _ ______________________ ________ ~?g_~ __________________ !~2g ________ _ 

CI 54 16 

carbonate 5 
-------------------------- --------------------- ----------------------- ---------------------- ------------------------- --------------------- ------------------------ ------------------------- ------------------------

Cu 0.07 0.06 0.004 0.03 

Fe 254 6243 465 388 32 600 
-------------------------- --------------------- ---------------------- -------------- ------------------- ----------------------- ----------------------- ------------------------- ----------------------------

Zn 421 1.3 361 388 <0.1 4 
----------------------------- ------------------- ----------------- --------------------- ------------------- ------------------------- ---------------------- ------------------------ ---------------------------

Pb 0.3 0.007 0.2 0.2 0.003 
----------------------------- -------------------- ---------------------- ----------f----------- -------c------------ --------------1-------------------------

As 0.05 0.1 0.02 <0.1 <0.02 

Mo ------------------ ----------------------- ------------------- ----------------------- ----------------------- ------------------------ ------------------------- ------------------------ ----------------------------
Cd 54 0.04 0.8 0.05 

---------------------------- ------------------ ---------------------- ------------- ----------------------- ------------------------ ------------------------ ------------------------- ----------------------------
Si 21 11 6 10 11 

----------------------------- ---------------------- -------------------- ------------------- --------------------- ------------------------ 1------------------------ ------------------------ --------------------------
AI 3.3 110 0.1 

----------------------------- ------------------------ ------------------------- --------------------- ------------------------ ------------------------ ------------------------- ------------------------ ----------------------------

Mn 87 68 5.4 2.7 0.6 

Sr 0.2 
Cr 0.009 0.22 <0.009 

---------------------------- ------------------- --------------------- ------------------ ---------------------- ------------------------ ------------------------ ------------------------ -------------------------
Ni 1.1 0.7 0.2 0.06 

--------------------------- ------------------------- ------------------------ ---------------------- ------------------------ ----------------------- '------------------------ ---------------------- ----------------------------
Co 0.04 0.16 0.02 

Ba 56 237 
--------------------------- ----------------------- ------------------------ ----------------- ------------------------ ---------------------- ----------------------- ------------------------ ----------------------------

V 0.02· 

* All values except pH and redox potential in ppm 
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Reported pH, Eh and component concentration ranges as a function of impoundment zone continued ..... 

Parameter" Deposit 1 
(Carlsson, 

2003) 

Deposit 2 
(AI et ai, 2000) 

Groundwater interface zone 
Deposit 3 

(Van 
Huyssteen, 

1998) 

Deposit 5 
(Benner et ai, 

2000) 

Deposit 7 
(Mwale et ai, 

2005) 

Deposit 8 
(Komitsas, 

1998 

pH 5.7 7 7.8 6 7.1 5.8 
------------------------------ ----------------------------- -------------------------- --------~------------------ ---------------------------- ------------------------ ----------------------------

redox 94 456 150 303 

TDS 2903 4521 

Ca 444 451 97 106 

Mg ___________ ~_?. ______________________ !~~___________ _ ___________ ?.~____________ ____________________________ ___________________________ _ ___________ ?.~ _______ _ 
Na 8 105 68 

------------------------------ --------------------------- ----------------------------- ------------------------- ------------------

K 3 22 16 

--------;~iph~t~------- ___________ !_~_~?. ________ f----~~~~--------- ~~=~~=_~~~~~==~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~=~~=~~~~~~==~~~~ ~~~=~~~~~~~=~~~=~~~~~~~~~ 
CI 16.2 5 

carbonate 54 
-------------------------- ---------------------------- ------------------------- ---------------------------- --------------------~----.. -- --------------------------- -------------------------

Cu 0.002 0.02 0.3 
----------------------------- --------------------- ---------------------------- ---------------------------- -------------------------- ------------------------ ---------------

Fe 419 8 1300 0.3 

Zn 42 0.2 0.3 <0.1 0.06 
------------------------------ --------------------------- ---------------------------- ---------------------------- ----------------------------- ---------------------------- ---------------------------

Pb 0.0005 0.007 0.1 

As 0.002 0.02 

Mo 0.0004 

Cd 0.0004 5.02 

Si 4 3 7 
__________________________________________________ .6.. ___ _________________ ~__________ ____________________________ ____________________________ _________________________ _ ___________________ _ 

AI 0.05 0.2 
,., c: ------------:;--;;;----------- ..... ,., _____________ M.t:I _____________ 

1 
___________ ._ ",=,._ .... c:_. ____ . __ +-_____ . _____ ._, 11_ 'c v= __________ 11-_________ ·v_-:..; ··.:::''''--------f--------------------------- ____________ Q.~;:!___________ _ _________________________ _ 

Sr 0.3 

Cr 0.0006 0.01 

Ni 
------------------------------ -------------------------- ------------------------- --------------------------- ------------------------- ------------------------- -------------~~~----------

Co 0.02 
----------------------------- ---------------------------- ---------------------------- --------------------------- ------------------------ ----------------------- f--------------------

Ba 385 
---------------------------- ---------------------- -------------------------- ---------------------------- --------------------------- --------------------------- ------------------------

V 0.02 

* All values except pH and redox potential in ppm 
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Tailings pore water concentration profiles as a function of depth 
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I • Deposit 1 .. Deposit 2 ... Deposit 4 

Description of Tailings: 

Deposit 1: Kristinberg pyrite rich Cu- Zn tailings (Carlsson et ai, 2003): 14.4 % S; 9% Zn; 0.1 % Cu and 

17% Fe with minor calcite 

Deposit 2: Kidd Creek pyrite rich Zn-Cu tailings (AI et al 2000): 10-20% pyrite; 8% carbonate minerals; 

1 % each of sphalerite, chalcopyrite and pyrrhotite: 

Deposit 3: Flotation tailings from a pyrrhotite rich Cu-Zn-Ag ore (van Huyssteen, 1998): 11 % S; 27% 

Fe; 0.25 Cu; 1.2 % Zn and 123 ppm As. Sulphides comprised mainly of pyrrhotite (30 mass 

%) and lithophilic gangue of Cs-Mg-Fe silicates. Carbonates < 0.5%. 

Deposit 4: Talhadas pyrite rich Cu-Pb-Zn tailings with minor As (Patinha et ai, 2004). 

Deposit 6: Pyrite rich Pb-Zn tailings (Kontopoulos et ai, 1995): 

A Kavodokanos : 5-10% S; 16% pyrite; Fe 5-17%; Zn 0.5-3% 

B: 2-5% S; 9% pyrite; 3-15% Fe; 0.5-5 % Zn 

C Bodossakis: 10-32% S; 43% pyrite; 18-28% Fe and 0.5-1.2% Zn 

Deposit 5: Nickel Rim pyrrhotite rich Cu-Ni tailings (Benner et ai, 2000): 13.6% S 

Deposit 7: KCM Konkola copper sulphide tailings (Mwale et ai, 2005): 0.5-1 % Cu. 

Deposit 8: Baia copper sulphide tailings (Komitsas et ai, 1998): 3% S; 7% Fe; 0.07 % Cu, paste 

pH 2.4. Non-sulphide gangue comprised mainly of quartz. 
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Appendix 7.2: Derivation of generic hazard and risk potential 

factors for porphyry-type copper sulphide tailings 
Hazard potential factors 

Component 
Predicted 

concentration range 
(ppm) 

Crustal abundance 
(ppm) 

Typical guidelines 
for drinking water 

(ppm) 

Hazard potential factors/1000 

Minimum Maximum 

As 2-550 1.8 0.01 <0.11 17236 
-------------------------- --------------------------------- --------------------------~----- --------------------------------- ---------------------------- ----------------------------
Cd 0.2-60 0.2 0.005 <0.1 3600 

-------------------------- --------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
Mo 2-450 1.5 0.05 <0.1 2846 

Ag 0.1-20 0.07 0.01 <0.01 630 
-._----------------------- ---------------------------------- ---------------------------------- -------------------------------- ------------------------.--- ----------------------------
AI 40000-100000 81300 0.2 100 615 

-------------------------- --------------------------------- ---------------------------------- --------------------------------- ---------------------------- -----------------------~---.: 

Fe 8000-95000 50000 0.1 4 602 
-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- -------------------------~--

Sa 1-30 0.09 0.02 0.6 426 

Sb 0.2-60 0.2 0.05 <0.01 384 
-------------------------- --------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
S 10000-110000 520 83 2.3 279 

Si 210000-350000 277200 5' 59 87 
-------------------------- --------------------------------- ---------------------------------- -~-~-------~--------------------- ---------------------------- ---------------------------. 
Mn 100-2000 1000 0.05 0.2 84 _________________________ _ _____ ~ _______________________________________________________ 9_9__ _________________________________ __~ __ ~~~b~ _________________________________________ 9 ___ _ 

Pb 5-100 16 0.01 <0.1 61 

Cu 800-1300 55 12 31 

B 50-1000 10 0.3 <0.1 21 
--------------------------- ------- ~--------------~-----~----- ---------------------------------- --------------------------------- ---------------------------- ----------------------------

Bi 0.2-60 0.2 1 * <0.01 19 

F 60-3000 600 <0.01 15 
--------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------

REE 10-870 85 1* <0.01 9 
-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
Sn 15-300 3 5' <0.1 6 

Ta 0.01-0.5 0.001 0.02' <0.01 5 

Hg 0.02-0.6 0.08 0.001 <0.01 
1------··------··------··------1---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------

5 

Ti 400-9000 4400 5* <0.01 4 
-------------------------- --------------------------------- ---------------------------------- -------------------------------- ---------------------------- ----------------------------
Ba 45-880 430 0.7 <0.01 3 

-------------------------~ ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
Be 1-30 2.8 0.1* <0.01 3 

W 5-100 1 5* <0.01 2 
-------------------------- --------------------.-~---.-.-.-~- ---------------------------------- --------------------------------- ---------------------------- --~-------------------------

Zn 15-500 80 3 <0.01 1 
--------------------------- ---------------------------------- ------~---~---~-~---~------------- --------------------------------- ---------------------------- -----------.----------------

Ni 1-50 75 0.02 <0.01 

Cr 10-200 100 0.5 <0.01 
-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
Ca 4000-45000 36300 100' <0.01 

TI 0.06-2 0.3 0.02* <0.01 

P 100-6100 1200 5* <0.01 1 
~-----------------------~- ------------------------~--------- ---------------------------------- --------------------------------- ---------------------------- -----------------~--------~-

Pt 0.01-2 0.005 1 * <0.01 0.5 

Zr 50-500 100 5* <0.01 0.5 
-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
K 3000-35000 28300 100* <0.01 0.4 

Na 3000-32000 25900 100 <0.01 0.4 
---~----------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------

Mg _______________ ~!?!?~=~~!?~_~ _________________________ ~~_~_~~ ___________________________ !_!??_~_ _ _________________ ::!?:~_! ________________________ ~:~_ 
Re <0.01-0.5 0.001 1 * <0.01 0.25 

-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
V 15-300 150 5* <0.01 0.12 

U 1-10 1.5 1* <0.01 0.07 
--------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------

In 0.01-0.5 0.07 0.05* <0.01 0.07 
-------------------------- ---------------------------------- ---------------------------------- --------------------------------- ---------------------------- ----------------------------
Nb 10-200 19 30* <0.01 0.07 

--------------------------- ---------------------------------- ---------------------------------- ------------~-------------------- ---------------------------- ----------------------------
Au 0.002-1.2 0.004 5* <0.01 0.07 

--------------------------- ---------------------------------- -.-------------------------------- --------------------------------- ---------------------------- ----------------------------
Ge 0.5-10 1.3 1* <0.01 0.05 

Rb 10-600 120 100 <0.01 0.03 
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Hazard potential factors continued .... 

Component 
Predicted 

concentration 
range (ppm) 

Crustal abundance 
(ppm) 

Typical guidelines 
for drinking water 

(ppm) 

Appendix 7.2 

Hazard potential factors/1000 

Minimum Maximum 

CI 50-500 100 100 <0.01 0.03 
------------------------------- ------------------------------- ------------------------------- ------------------------------- ------------------------------- -------------------------------

Li 15-300 30 100' <0.01 0.03 
-----------------.------------- ------------------------------- ------------------------------- ------------------_.----------- -------------------------------- -------------------------------
Ga 2-80 15 30· <0.01 0.01 

Sr 30-600 290 100' <0.01 0.01 
------------------------------- ------------------------------- ------------------------------- ------------------------------ -------------------------------- -------------------------------

Hf 0.5-30 2.6 30' <0.01 0.009 

Co 0.3-15 25 1* <0.01 0.009 

Sc 1-70 14 100' <0.01 0.004 
f--:-·'-----·---------------·-----·+------------------------------- ------------------------------- ------------------------------- -------------------------------- -------------------------------
Ta 0.1-10 1 30' <0.01 0.003 

f--'-"c---.. --------------------.+------------------------------- ------------------------------- ------------------------------- -------------------------------- -------------------------------
Br 0.5-30 2.5 100' <0.01 0.003 

0.05-5 0.5 30' <0.01 0.002 

Predicted concentration ranges refer to predictions conducted within Chapter 6 of the thesis (Table 6.6) 

Crustal abundance values are sourced from Cotton & Wilkinson (1962) and Cox (1995)-see Appendix 
2.2, Chapter 2. 

Drinking water values are sourced from ANZECC (1999) and DWAF (1996)-see Appendix 2.1, Chapter 
2. 

*Quantitative drinking water quality guidelines are not available for these elements-limits have been 
estimated on the basis of available data and general information pertaining to chemical and toxicological 
properties. 

Hazard potential factor = (element concentration in solid (ppm»2 I (crustal abundance (ppm)x typical 
water quality guideline limits (ppm» 
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Risk potential factors 

Reactivity factors for primary phases 

Component Reactivity 
potential 
factors 

Reactive 
concentration 
range (ppm) 

Associated 
risk potential 
factor/1000 

Availability 
potential 
factors 

Appendix 7.2 

Net availability factors 

Available 
concentration 
range (ppm) 

Associated risk 
potential 

factorll1000 

As 0.9-0.95 <1-530 <0.01-15556 <0.01-0.02 <0.01-10 <0.01-6 
-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

Cd ___________ ?~~_:?:_~~ __________________ ::~_:~? __________ ::?~~:_~~~~ __________ ~~_~~=?:~_ _ _______________ ?:~~:~?_ _ _________ .::?:?~_:~_~.?~ __ 
l1li0 

~""'."'------.. -------+.---------------------- ------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------
0.9-0.95 1-440 <0.1-2568 <0.01-0.02 <0.01-8 <O.OH 

_~JJ______________ _ __________ ?~~:_?:~~ __________________ ::~_~~_? ____________ ::?_~!:_~~~ _______________ .::?:?~__ _ __________________ ~~~~~_ _ _________________ ::?:~_~ __ 
Fe 0.75-0.95 5850-90250 2-543 <0.01-0.03 <0.01-2800 <0.01-0.5 

--------~----------- ------------------------- -------------------------- -------.----------------- ----------------------- ---------------------------- -----------------------------
Se 0.9-0.95 1-30 <0.5-385 <0.01-0.05 SO.01 <0.01-1 

Sb 0.9-0.95 <1-60 <0.01-347 SO.03 <0.01-2 <0.01-0.3 
~-=:::-------------.. +------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

S 0.9-0.95 9000-110000 2-252 0.7-0.9 7200-102400 1.2-242 
1----=_ .. ------------_ .. +------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

Mn 0.75-0.95 2050 <0.1-76 0.6-0.9 60-1850 0.06-70 
-------------------- --~---------------------- ------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

Pb ___________ ?.:~_:?:_~~ __________________ ~=~_?_? ____________ ::?_~?_!~~~ _______________ ~~:?~__ _ ______________________ ~~__ _ __________________ ::?:_?_~ __ 
. ,il.1. _____________ ?:_!:E~~ __ _______ ~!~~~~???_? __________________ !~~~ _______________ ~~:?.~__ _ _____________ ?:_?_!~~~?._ _ __________________ ::?:_?_~ __ 
Cu 0.9-0.95 720-1240 9-28 SO.1 0.01-120 SO.2 

___________________ _________________________ __________________________ _________________________ _______________________ ____________________________ _ __________________ ¥_¥_ft ____ _ 

Bi 0.9-0.95 <1-60 <0.01-17 SO.02 s1 <0.01 
____________________ _ ____________________________________________________________ 0 ________________ ft____________________ ____________________________ _ _________________ ~ _________ _ 
F 0.4-0.6 25-1840 <0.01-6 SO.06 0.5-180 SO.05 

Te 0.9-0.95 SO.5 <0.01-4 SO.01 <0.01 <0.01 

H g ___________ ?~~:_?:~~ ____________________ ~?.:~ ________________ ?~~_~:~ _______________ ~~:?~__ ._. _____ . __________ -:E~~~_ _ __________________ ::?:~_~ __ 
B 0.1-0.3 5-300 0.01-2 0.1-0.3 5-300 <0.01-2 

-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

N i ___________ ?~~:_?:~~ __ . _________________ ~_:~? ___________ ::?:_?_!~_~~~ __ _________ E~_~~:~L _________________ ~~_~~~?. _____________ ::?:?_!:_?:.? __ 
w 0.-0.6 2-60 <0.01-0.8 <0.01 SO.06 <0.01 

Zn 0.9-0.95 15-479 <0.01-0.9 0.5-0.76 7-370 <0.01-0.6 
____________________ _ _____ ft _____________________________________________________________________ _________________ ~_____ _ __ a________________________ _ __________________________ _ 
REE 0.1-0.3 1-260 <0.01-0.8 n.d. n.d. n.d. 

Sn 0.1-0.3 2-90 <0.01-0.5 n.d. n.d. n.d. 

TI 0.9-0.95 <1-2 <0.01-0.5 n.d. n.d. n.d. 
-------------------- ------------------------- -------------------------- ------------------------- ---------------------- ---------------------------- -----------------------------
Ca 0.5-0.8 2000-36000 <0.01-0.4 0.3-0.8 1200-36000 <0.01-0.4 

Ti 0.1-0.3 1-60 <0.01-0.3 n.d. n.d. n.d. 
I---c,----------------t------------------------- -------------------------- ------------------------- .---------------------- ---------------------------- -----------------------------

Sa 0.1-0.3 5-260 <0.01-0.2 <0.01 SO.3 <0.01 ____________________ _________________________ _ _________________________________________________________________________ __ ~~ __ ~ ________________ ~_~M__ _ ___________________________ _ 
0-0.05 <1-350000 <0.01-0.2 <0.05 <0.01-17400 SO.2 Si ~-c~.,-------.... -----+------------------------- __________________________ _________________________ _______________________ _____________________________ __ __________________________ _ 

Be 0.1-0.3 <1-9 <0.01-0.3 n.d. n.d. n.d. 

P 0.4-0.6 40-3700 <0.01-0.2 n.d. n.d. n.d. 
________________________________________________________________________ ___________________ ~ _____ ~ti+ ___ ~_~ __ ft___________ ____________________________ _ ___________________________ _ 

_ .M~L___________ _ ____________ ?:_~:E~~ _________ ~_~E~:~~~?_? ____________ ::?.:?_!E~~ __ ___________ ~:~=?:~_ _ __________ ~~?:_~_?~~~_ _ ____________________ ~E~~ __ 
Ge 0.9-0.95 ~8 <0.01-<0.1 0.9-0.95 0.3-8 SO.04 

-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------
Cr 0.1-0.3 1-60 <0.01-<0.1 n.d. n.d. n.d. 

-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------
K 0.1-0.3 300-10500 <0.01-<0.1 SO.3 <0.OH0500 SO.04 

Na 0.1-0.3 300-9500 <0.01-<0.1 SO.3 <0.01-9500 SO.03 
-------------------- ------------------------- -------------------------- --~---------------------- ----------------------- ---------------------------- -----------------------------

Re ___________ ?:~:_?:~~ ____________________ ~~:~ __ _______ ::?_:?_!:_~q~_~ __ ________________ ~:~:_ _ ____________________ ~:~:_ _ _____________________ ~:~~ __ 
V 0.1-0.3 2-90 <0.01-<0.1 n.d. n.d. n.d. 

-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------
_!:l_________________ __ ___________ ?:_~:E~~ __ _____________________ ~~ _________ ::?~?_!:.::~~_~ __________________ ~:~~_ __ ___________________ ~:~:_ _ _____________________ ~~~: __ 
In 0.9-0.95 SO.5 <0.01-<0.1 n.d. n.d. n.d. 

Nb 0-0.05 ~10 <0.01 n.d. n.d. n.d. 
-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------
Au 0-0.05 ~0.05 <0.01 n.d. n.d. n.d. 

Pt 
I--;--~----.-----.----- -t------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- -----------------------------

0-0.05 S2 <0.01 n.d. n.d. n.d. 

Zr 0-0.05 <1-26 <0.01 n.d. n.d. n.d. 

Rb ~-, .. 'c-------.. ------+------------------------- __________________________ _________________________ _______________________ ____________________________ _ ___________________________ _ 0.1-0.3 1-180 <0.01 n.d. n.d. n.d. 

CI 0.1-0.3 1-150 <0.01 n.d. n.d. n.d. 

190 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Appendix 7.2 

Risk potential factors continued ..... 

Reactivity factors for primary phases Net availability factors 

Component Reactivity 
potential 
factors 

Reactive 
concentration 
range (ppm) 

Associated 
risk potential 
factor/1000 

Availability 
potential 
factors 

Available 
concentration 
range (ppm) 

Associated risk 
potential 

factor/!1 000 

Li 0.1-0.3 2-90 <0.01 n.d. n.d. n.d. 

.§~............... . ............ ?:.!:~~~ ........... .::~:~~.~~? ................ -:?:~~.- --.-.-.-.-.-.-.~:~:- .-.-................. ~:~:. . ... -.-.-.-.-.-.-.-.-.~:~:.-

.§.r:_._._._._._._._ ._._._._._. __ ?:.!:.~:~ .................. ~=~.~? __ ._._._._._. __ -:?:~.~. __ ... _ ........... ~:~:. . .......... _ .. _._._._~:~:. _._._._._ ............. ~:~: .. 
_!:iL._._._._._._. _. ____________ ? __ .?:~~. __ ._._. ______________ ~_~ ___ ._. ___________ -:?:~~ ________________ .. ~:~:_ _ ___________________ .~:~:_ . _______ . ___ ... _______ ~:~: __ 
Co 0.9-0.95 <0.01-14 S 0.01 n.d. n.d. nod. 

~--~.":--.... ---... -.. +.-.-.-.-.-.-.-.-.--.----- ---.. _-------------------- ---...... _ ....... _ .. _ .. -- --------._._ .. -..... _. . ......................... -. _ ... _ ..... _._.-._ ..... _ .... .. 
<0.01 n.d. n.d. n.d. Sc 0.1·0.3 <0.01·0.2 

~.c:.: ...... -.-... -.-+.---------.------------.- .......................................... _ .............................. _ .......... _._ ... _._ ... _..... _. _____ . _______________ ._. __ _ 
Ta 0·0.05 S1 <0.01 n.d. n.d. n.d. -------------------- ------------------------- -------------------------- -----------------.------- ----------------------- -~-------------------------- -----------------------------
Sr 0.1-0.3 <0.01·8 <0.01 n.d. n.d. n.d. 

-------------------- ------------------------- -------------------------- ------------------------- ----------------------- ---------------------------- ---------------------~-~-~---

0.1-0.3 S2 <0.01 n.d. n.d. 

Reactive concentrations (ppm) = reactivity potential factor x total element concentration in solid 
tailings (ppm) 

n.d. 

Available concentrations (ppm) == availability potential factor x total element concentration in solid 
tailings (ppm) 

Associated risk potential factors:: (reactive or available concentrations in solid tailings (ppm))2 I 
(crustal abundance (ppm)x typical water quality guideline limits (ppm)) 

Where: total element concentrations in solid tailings, crustal abundance and typical water quality 
values are presented in the previous table. 

n/d:: not determined 
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Appendix 7.3 

Appendix 7.3: Thermodynamic modelling of attenuation reaction 

mechanisms: Model input parameters 

Eh-pH of pore waters 

pH Redox potential (mV) pH Redox potential (mV) 

min max min max 

Oxidation zone Transitiona/-unoxidised zone 

2.5 550 650 4.5 220 340 
---------------------~---- -~--------------------- ----------------------- ------------------------ ---------------------- ----------------------

~-------------3":-------.------+--------5::--2:::0=:.------_+ __________ . 6"::::2_0=~. _______ +-----------§-----.-.-.- ________ ?_QQ ________________ ~_?.Q ______ _ 
___________ ;!:? ____________________ 1.§!Q_______ --------5?-~-9---------1------------5=_ •• -_: 5= ___________ ~------.J-?Q--------}---------2:=,,9-0=-----------1 

4 460 560 6 150 270 
-------------------------- -----------.----------- ----------------------- ------------------------ ---------------------- --------------------

___________ 1.:? ___________ I __________ 4 __ 3
c
_O
cc 

_________ + ________ 5?~g _________ _____ ... _§:_~ _________________ J.?_Q ________________ ?_?Q._ ... __ _ 
7 100 220 

Element concentration ranges 

Element Concentration ran e 

calcium 350-500 ----------------------.------------------------- -----------------------------------------------------

_______________ I!1.~JlIJ.~~l~~ _________________________________ ~_QQ:_1.Q.9_9 __________________ _ 
_______________ p.2.!<!~§i_LI}_~ _______________ ________________ J.Q:.!g.9j~QL _____________ _ 

sodium ------------------------------------------------1------------------------c-=---:-=-::----------------------i 
_________________ ~!:.!!e!!~!~ __________________________________ 9.QQQ:~5?gg_Q _______________ _ 
_______________ £<!~Q2n!l!~ ___________________ . __ . ___________ ~:JggJ?Qt ________________ _ 

I----------------.-----::.::::oc-------------------- __ j------------J-QQ:.!-9g.9--(~QQL-----------
zinc 100-1000 

------------------------------------------------ -----------------------------------------------------

______________ !!1!lElJl<!IJ.~~~ ______________________________ ?Q:5?_Q_9 __ C1QQL ____________ _ 

_____________ !!1gJY!?.9_~D_~~ _____________ j------------------------:--::---::-~-::----------------------i 
_______________ !lL~_l!1jDL~_I!1 ______________________________ . ___ 1.:~Q_9 __ (1.9J ___________ . ____ _ 

boron 10-200 

50-150 f--__________________ cc:_c:_: ____ ' _____________ ,. _____ t-----------------------------------------------------

1-----------_____ ,. _____ ,_,,_-=-_=-_______________________ l ____________________ J_Q:.1Q.9 ____________________ _ 
cadmium 10-100 

nickel 
-----------------------------------------------1-----------------------c-::--:-~-::-----------------------i 

__________________ .92flfl_~_~ __________________ j---------_______________ ::. __ :_=_,, ______________________ oj 

silica 10-40 
------------------------------------------------ -----------------------------------------------------

barium 
------------------------------------------------j-------------------------::-,-:-~--------------------·-----i 

_________________ ~_~_!~~2.l}y ________________ +------------------------c--,-'-'-'------------------------i 

_______________ 9.~r!!1!l_l]j_'='_I!1 _______________ ______________________ ?:_lg ______________________ _ 
bismuth 5-10 

tun sten 5-10 
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Appendix 7.3 

Equilibrium formation constants for secondary solid phases 

Element Species Log KI Source LlGf (kJ/mol) Source 

Ca Gypsum 4.61 MINTEQA2 ver.4 -1797.39 Calculated from Log Kf 
database (4.61) 

(CaS04.2H20) 

-1797.12 HSC ver. 5.1 database 

Calcite (CaC03) 8.48 MINTEQA2 ver.4 -1129.1 Calculated from Log Kf 
database (4.61 ) 

Fe K-jarosite 11.0 MINTEQA2 ver.4 -3309.71 Calculated from Log Kf 
(KFe3(OH)s(S04)2 database; Baron & (11.0) 

Palmer (1996) 

9.21 PHREEQC -3017 Calculated from Log KI 
database (9.21 ) 

Schwertmannite -18 Bigham et al (1996) -4104.21 Calculated from 

(FeaOa(OH)s(S04» 
Log K, (-18) 

Ferrihydrite -2.69 MINTEQA2 ver.4 -713.94 Calculated from 
database 

Log Kf (-2.69) 
(Fe(OH)3) 

(aged ferrihydrite) 

-798.98 HSC ver. 5.1 database 

Siderite (FeC03) 10.59 MINTEQA2 ver.4 -679.86 Calculated from 
database 

Log K, (10.59) 

-666.67 HSC ver. 5.1 database 

AI Alunite 1.4 MINTEQA2 ver.4 -4663.76 Calculated from 
database 

Log Kf (1.4) 
(KAb(OH)6(S04)2) 

Jurbanite 3.23 MINTEQA2 ver.4 -1487.05 Calculated from 
database 

Log Kf (3.23) 
(AIOHS04) 

Gibbsite -7.74 MINTEQA2 ver.4 -1154.73 Calculated from 
database 

Log Kf (-7.74) 
(AIOOH) 
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Appendix 7.3 

Equilibrium formation constants for secondary solid phases continued ... 

Element Species Log K, Source LlG, (kJ/mol) Source 

Si Kaolinite ·7.44 MINTEQA2 verA -3834.63 Calculated from 
database 

Log K, (-7044) 
AI2Si20s(OH)4 

Amorphous Si02 2.74 MINTEQA2 verA -873.83 Calculated from 
database 

Log Kt (2.74) 

Mn Rhodoch rosite 11 MINTEQA2 ver.4 -818.671 Calculated from 
database 

Log Kf (11.0) 
(MnC03) 

-816.62 HSC ver. 5.1 database 

Hausmannite -61.03 MINTEQA2 verA -1284.33 Calculated from 
database 

Log K, (61.03) 
(Mn304) 

-1283 HSC ver. 5.1 database 

Manganite -25.34 MINTEQA2 verA -557.693 Calculated from 
database 

Log K, (-25.34) 

-567.13 HSC ver. 5.1 database 

Pyrolusite -41.38 MINTEQA2 ver.4 -466.171 Calculated from 
database Log Kt (-41.38) 

-465.0 HSC ver. 5.1 database 

Cu Covellite (CuS) 22.27 MINTEQA2 ver.4 -49.4351 Calculated from 
database Log K, (22.27) 

Chalcocite 34.65 MINTEQA2 ver.4 -85.66 Calculated from 
database Log Kt (43.65) 

(CU2S) 

-86.22 HSC ver. 5.1 database 

-1307.5 ?? 
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Appendix 7.3 

Equilibrium formation constants for secondary solid phases continued .... 

Element Species Log Kt Source llG! (kJ/mol) Source 

Mo CaMo04 7.95 MINTEQA2 ver.4 -1434.36 Calculated from 
database Log Kf (7.95) 

-1435.54 HSC ver. 5.1 database 

Pb Anglesite (PbS04) 7.79 MINTEQA2 ver.4 -812.41 Calculated from 
database Log Kf (7.79) 

-812.407 HSC ver. 5.1 database 

Cerrusite (PbCOa) 13.2 MINTEQA2 ver.4 -603.225 Calculated from 
database log K, (13.2) 

-625.378 HSC ver. 5.1 database 

Sb Sb(OH)s 7.11 MINTEQA2 ver.4 -685.188 Calculated from 
database Log Kf (7.11) 

Sb204 -3.40 MINTEQA2 ver.4 -795.548 Calculated from 
database Log Kf (-3.40) 

-795.89 HSC ver. 5.1 database 

Sb40s 17.90 MINTEQA2 ver.4 -1257.78 Calculated from 
database Log Kf 17.90) 

-1249.4 HSC ver. 5.1 database 

Se CU2Se 45.8 MINTEQA2 ver.4 -117.549 Calculated from 
database Log Kj (45.8) 

-73.233 HSC ver. 5.1 database 

Bi Bi203 -4.066 Calculated from -118.809 HSC ver. 5.1 database; 
Gibbs free energy Garrels (1960); Kneen 
of formation et al (1972) 

Zn 10.8 MINTEQA2 ver.4 -736.781 Calculated from 

ZnC03 database Log Kf (10.8) 

-731.476 HSC database 

-1307.5 ?? 
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Appendix 7.3 

Equilibrium formation constants for secondary solid phases continued .... 

Element Species Log Kf Source l!.Gf (kJ/mol) Source 

-731.476 HSC database 

Ba Barite (BaS04) 9.98 MINTEQA2 ver.4 -1362.15 Calculated from 
database Log Kf 

-1347.86 HSC ver. 5.1 database 

Witherite (BaC03) 8.57 MINTEQA2 ver.4 -1137.65 Calculated from Log Kf 
database 

-1135.32 HSC ver. 5.1 database 

Cd Otavite (CdC03) 12.01 MINTEQA2 ver.4 -674.144 Calculated from Log Kf 
database 

-670.53 HSC ver. 5.1 database 

As 20.2 MINTEQA2 ver.4 -1255.8 Calculated from Log Kf 
Scorodite database 
(FeAs04.2H20) (scenario 1) 

-1307.5 ?? 
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8 

Predicting Element Distribution during Matte 

Smelting of Copper Sulphide Concentrates: Case 

Study 3 

As indicated in Chapter 6, the pyrometallurgical processing of copper sulphide concentrates comprises 

two primary unit operations (smelting and converting), as well as a number of possible secondary 

operations, including slag cleaning, treatment of furnace flue dusts, and sulphuric acid production. This 

chapter of the thesis demonstrates the application of the proposed generic approach and associated 

criteria for predicting element distribution during smelting of copper sulphide concentrates. In this 

regard, the available and relevant data and information pertaining to the smelting process are first 

collected and assessed (Section 8.1). This is followed by a fundamental assessment of the key 

chemical properties and potential distribution behaviours and associations of elements during the 

smelting process, on the basis of theoretical chemical and thermodynamic principles (Section 8.2). 

Finally, the knowledge gained through such a study is used to rationalise available empirical distribution 

data and address data gaps, ultimately resulting in a comprehensive list of element distribution factors 

during smelting, as a function of key reactor variables (Section 8.3). 

8.1 Background information and available data 

A number of comprehensive overviews of the primary copper industry, commercial operations and 

processing techniques are available in the general literature (e.g. Biswas & Davenport (1994); Gains 

(1980); Moskalyk & Alfantazi (2003); US EPA (1986)). This section of the thesis is specifically 

concerned with data and information pertaining to the concentrations and distributions of typical copper 

sulphide ore components during the matte smelting operations. 
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Chapter 8 

Smelting with a siliceous flux to produce a sulphide matte rich in copper forms the first step in the 

pyrometallurgical processing of copper sulphide concentrates. Traditionally smelting was carried out in 

reverbatory furnaces, either with or without a pre-roasting step, and as late as 1975 accounted for most 

of the world's copper smelting. Recent decades have seen the development of a number of new 

smelting processes, which have significant advantages over reverbatory and electric furnace smelters, 

particularly with regards to energy efficiency and the avoidance of atmospheric S02 emissions. In 

particular, flash smelting (Outokumpu and Inco processes) has become the most widely adopted 

smelting process since 1970 and accounts for most of the copper smelting in Japan and the United 

States. Other emerging smelter technologies receiving increasing recognition include the Noranda, 

Teniente, Mitsubishi, Isasmelt and the Contop processes. All of the modern smelting processes use the 

heat from Fe and S oxidation for heating and melting, rather than relying exclusively on external forms 

of energy, and produce off-gases with relatively high concentrations of S02, thus simplifying their 

capture and conversion to valuable by-products (mainly sulphuric acid). As a result of increasingly 

stringent environmental legislation and improvements in smelter technologies, the capture and recovery 

of S02 from off-gases has become a standard unit operation in all modern copper smelter plants. 

Matte smelting of copper sulphide concentrates is generally conducted at temperatures of between 

1100 and 1300°C in the presence of oxygen enriched air and a silica flux, and produces three primary 

output streams, viz: 

• copper-rich matte 

The matte is comprised mainly of copper, iron and sulphur with the general stoichiometry 

CU2S.FeS, and copper grades of between 40% and 75%. Higher grade copper mattes, as 

generally produced in flash smelting or continuous smelting operations, are generally more 

extensively oxidised and have a much lower FeS content than the lower grade copper mattes, 

such as those produced during reverbatory smelting. Most modern smelters produce a matte 

phase containing between 55% and 75% copper. 

• iron silicate slag 

Smelter slags are comprised mainly of silicates of iron (fayalite, 2FeO.Si02) and, to a lesser extent, 

aluminium and alkaline earth metals. Oxides of copper and iron (magnetite) are frequently also 

present as significant components. 

• 502 - rich gas 

Apart from S02, the smelter Off-gases generally contain significant quantities of fine grained solid 

material, blown through and out of the furnace before it can settle in the matte and slag phases, as 

well as ore components which are volatile under the smelting conditions. The solids are normally 

recovered in electrostatic precipitators, with simultaneous condensation of the majority of the 

volatile ore components, prior to recovery of S02, normally in the form of a sulphuric acid by­

product. 
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Chapter 8 

A survey of a'lailat>e data pertaining to the compositi<)!)S of the srr,elter output strearr,s (&ee Appendi. 

6.1 of Chapter 6), irxlkoates that, as In the ca&e of the early oor.eficiatlOil sfage streams, currently 

available data, partk:ularly pertainirlg to the less common" occurrrr.g co-elerr,enrs, are l!)Sufficient ar.d 

generally ot poor quality_ 

Srmilarly, whilst the ddribut"" behaviour of the targeted metal arid rr.ajor ore corr.ponents is generally 

tair" well understood, available data pllrtainir>g to distribution of millOr to trace co-elerr,()f1ts during the 

matte &meltlt"lg process, as surr,rr,arised in Tat>e 8.1, am lirr,itod rr,ail1ly to Gomrr,QI1ly occurnng 

·rmp<Jrrtles. FLI1herrr,ore, l..nilst it is clear that the matte grade (or extent ot ox!dJ.flOil Wrlr.:;J smeltll1g) 

has a srgnit>cant ettect OIl the dlstrootk>ll of olorr,onts, tho CJ<!OIlt arxl ruturo of tho off<'Ct appoars to 

vary in a somel'mat errat>c rr,anner. 

T.ble ~. t, Element distributions durir>g sme ltinQ 01 ~0i>Per sulf>hide ~oncenlr.\es' Av~ilable dat~ 

(comp~ed t,om 6iswas & Davenport 1994' Ho~ et;ol 19~3- RI""ros & Utgard 2003) 

Elerr,ent VapoLr phase Slag phase Matte phase 

55% 
I 

75% 55% 75% 55% 75"" 

Cu rr.atte Cu rr,atte Cu matte Cu matte Cu matte Cu matte 
-~ .~ 

ArsenIC 76-85 " 10-17 " W 26-28 

Lead " " W " '" " ~ ~ -

Bismuth "" '" ; " " " 
Zil1c '" " " " " " ~ . 

Nickel , , , 
" " '" " ---- .~ ~ 

Seieniurr, '" '" 
, 

'" " '" 
Antirr,ony " " '" " '" " , 

Cadmium " ,g " -- I 
Mercury ~ "" ~ 

, W 

Precious metals ~ 

, 
99 

- -~ 

AI, alkal'l metals, majority majorify 
alkHi'.,e earth L~_ rr,etals 

-- --- ----

! 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 8 

8_2 Fundamental assessment of element distribution during 

smelting 

Discussions., Chapter 4 (Sect",n 4.3.2) of tile thesis have ind:cated that the distribution behavIOur at 

olcrnents during "moli",g opcral'on" w.1I bo d:ctat<K1 mainly by their modes of occurrence in the leed 

Ce>rKOontrato at"Jd tho chomical proport,os and roacllOns 01 such fmrns under smeltn g conditi ons. In thB 

caso ot sulphioo mat!o smo lt :ng oporat:Or1s, distrtbut:Or1 ot oloments bo lw('()f1 the matte and slag 

ph~sos w:1I be> dictated larg~ y by the r~ative stabillt,es at thB" sl' ph:do and oxido compolX1ds under 

smelting COnditions. Elemonts reportin g protorontially to tho matte phase will locluc\e those elements 

forming stable and non-volatile covalontly bondod cornpol.-lds I'.1th "soft" sulphide-type li gands 

(includ Ol g tellur ides, selenides. and arsenides) and/or uncombinoo motals undo' smelting cond:llOns. 

Those elements fmming non-volatile ionic compounds with "t1arcf' oxide type ligands (incllJding complox 

oxide, sLdl as sil:Cales and carbonate,) can be expected to repmt preferentially to the slag phase. 

Elomonts fo'mir g volatilB compounds will ma,nly OCCur., Ihe vapour phase 

Tho domina1t roaction at"Jd distribut,on pathways dwing sme,ting are iliustral<K1 dagrammat:Cally in 

Figwo 8.1. 

Smelter inputs Smelter outputs 

:-----------,,,~;:;~o>-'N"""C"""'"'''''"";1-';;;;';:~;;:::1 ' Sulph ides , Matte phaso 

'-- ---- ----2~~ Volatiles 
, Uncomb,nBd , Vapoor 

Figure 8.1: EI~m~nt ,~~ction "nd distribution p"thwoys during cop~r motte smelting 

Tho distribution bohaviour of oleme~ts ru ri ng mattB smelting will thus be ddated mainly by: 

• the che'11ical fo'ms of tho olomonts ill tho '000 concontrate 

• tr.e rate a~d extent to which sulphide compolX1ds a-e convWI<KIIO oxiOOs or motals undO' srnolti1g 

condilion, 

• the rate and BXloot of volal ilisation of stablo torms (sulphides, oxides, uncombined) of the elWY1ents 

at typeal smeli'ng lempwatwos 

• The ext",,: of feed mate,ial blow-out into lhe gas strea'11 

The effects of these facio" on the properties and distr ibtitioo behaviours of olomoots are dis.cussed in 

de:ail i~ Sectio~, 8.2.1 :08.2.3. A delailed oxamplo to illust'ato how a qlJ.1!itative l.<ldorstanding of the 

deportmenl 0' Zn and Cd during matte smolting of cappo' sulph>:lo concentrates can be achiBved 
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Chapter 8 

through consideration of the fundamental chemical properties of the elements is provided in Chapter 5 

(Box 5.2). 

8.2.1 Chemical compositions of the feed concentrate 

In accordance with the predictions in Chapter 6 of the thesis, the elements potentially occurring within a 

typical copper sulphide concentrate can be grouped into three main classes in terms of their forms, as 

indicated in Table 8.2. 

Table 8.2: Classification of elements potentially occurring in copper sulphide concentrates 

Group description Elements 
Potential deportment during 

smelting 

Chalcophilic elements occurring A: Cu, Fe, S Matte, slag and/or vapour 
predominantly as sulphide ore depending on the stable forms 
minerals B: Zn, Pb, Mo, As, Sb, Bi, Cd, under smelting conditions and 

Ni, Se, Ge, Ag, Co volatility of such. 

C: TI, Hg, TI, In, Re 

Siderophilic elements occurring C: Au, PGMs As above 
as trace ore components, in 
either an uncombined/ native 
form or as " sulphide-type" 
compounds 

Lithophilic elements occurring B: Si, AI, K, Ca, Na, K, Mg, Ti, P Slag or vapour, depending on 
predominantly as oxides the volatility of oxides at 
(including silicates and C: F, Mn, B, CI, Ba, REE, Rb, smelting temperature 
carbonate) gangue minerals Sr, Zr, V, Li, Sn, Cr, Nb, Ga, W. 

Sc 

D: Ta, Be, Br, Hf, I, U 

The relative abundance of each major group of elements can be expected to decrease in the order 
A>B>C>D. 

8.2.2 Stable forms and miscibility of elements under smelting conditions 

Covalently bonded sulphide compounds are generally less stable than ionic oxide compounds, 

particular at elevated temperatures. Hence, in the presence of oxygen, sulphides are unstable and will 

be converted to oxides, as indicated by the standard Gibbs free energies for the oxidation reaction in 

Equation 8.1 
r----------------------------------------------------------------------------------------------------------------,----.. ----------.. ---... ---------.... ----------.. -, 

I 2MS + 302 +-+ 2MO+2S02 

I ! LlGO(reaction)=LlG,O(oxides)-LlG,O(sulphides) 
Equation 8.1 

I l _____________________________________________________________________________________________________________________ '-___ ... __________ .. ___ ... ___________ .. __________ .. _J 
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In complex systems. however, the drivn g force for the oxidation of any rarticula' minor 0' trace 

suphide compolX1d will depend on the Glhbs froo energy of oxidation for rhat sulphide compound 

relative to that for Ihe major sulph ide compounds, vic coppe' and iron. A I~ ot of standard Gb bs free 

e~ergies of ox id atio~ fo r the sup!1ide cempounds ot the cha k::orh ~ic and siderophilic elemen ts , as 

pmsonted rl FiQure 8,2, provides a meaSure of the ,elatlve stabilit ies of the oxide ~nd su lphioo forms of 

these elements_ 

, 
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Co 
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Incrca,,-"l . tabmy at " JIJ:;h;o., 

r~"'tiv. 10 o,,~ __ _ -----'J 
Figu re 8.2: Relati ve stabilities of oxidcs .nd .ulphidc fo rm$ of the c halcophilic and siderophilic elements 

(Thcrmod yn.mic dal. $ou rced from Brool<in$, 1988: Cotton &- Wii ~inson, 1962: Elliot & Gleiser. 1960-63: 

Garrels. 1960; Knackeel al , 1991; Kncc n ct ai, 1972; Lide, 1997: Price, 1998: Wo ods & Go"els, 1987: 

Zeimock, 1992) 

As ind caled 'n Tabe 8,3, chalcoph lli c elements In the sulphide ore co~cen:rate Can t'1 us 00 grouped 

according to the relative chemical slabil,lies and behaviours of their sulphKle and oxide forms duri ng 

&moiling, on the basis of oqui librlum thermodynam k:s und<x standard slOady cond Tiors, The su lph,oo 

compounds of a number of the cha k::orh ilk:: elomont5 "aVe stahilities which am inle'mediaTO between 

lhose of iron and coppar , Tho extent and/or 'ate Df oxidatlOfl 01 these sulphidos is thus prooicled lO be 

'l igh" d()[lende1t on the Cu/Fo ratio in the matto Lo, on lho extont of oxidation of the major elemenlS, 

Under "weaK" ' oxid slng smelting conditions (pro<;ess cond itions which rroouce mattes with relatl'lely 

low copper grades or hig~ FeiCu ratios) these e~men:s ,;i ll prohably occur in the su lphide form to a 

sig1ificant exlent The opposite Irend Can be expecled under strongly oxidising smelti~ g conditions 

(lhose producing high copper mattes as occur ~1 Noranda and Ten;enle smellOlg lurnaces), wilh 

significant oxidalion of su :phidos likely to occur, 
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IrO<luont ly havo poculiar and complox sto koI1iomotrio~, ann arc oonorally not w~1 unde'stood. supt1idos 

reported by Cotton and Wilklnson(19£2j to have e,toosive metal-m~~al bonding nclude th05e of NI Fe 

and Co. Other alloy-like sulphides are tl10S0 of Pb ann, to a lo~se' extent, Zn and Cd. 

Predctions pertaining to the miscibilities or associations of traco to minor chalcophillc domonts wltl1 

major matte and slag forming mirwlals 00 the basis of ionic radii, charge densities (o,iOO compounds) 

and metal-metal bonding (sulphide compounds), are presoot ... ! in Table 8.4 

T~bIQ 8.4: PrQdictQd 1,.oQ to minor QIQm<!nt a~ooi.lion. wilh major moUe .nd .'ag lorming e lements 

Major matte and slag forming 
elemonts 

Malle-Phase 

SI-II) 

Cu(l) 

Predicted trace to minor elements associatIOnS 

On tho basis of 
Ionic radii 

On the basis of the natura anti 
structure of the sulphide and oxiQo 

CO'11POLX1ds 

So(-II) So{-II),Te{·II) > Sb("III)~As("III) 
-----------------

Cd(II). TI(III) NIIII), Co(II» Pblll» Zn(II). Cdlll) 

----------------~ Slag Phase _______________ PGMs Inllll) 

Felli)" ~-=- NI(II), Co(II). Zn(ll) Culll), Nilll), Co(ll\, Zn(II\, 6illll) 

U III) 

Fe(lll) 
~ 

, ReIIV) Sn(IV:I, Mo(IV) 

Mo(VI), Sb(V),Te(VI) 
-

SI(IV) == - Se(VI) TelVlj, AsIV). Mo(VI) 

As(V) 
-

AI(III) GeIIV), Te(VI) MoIIV), SnIIV). RelIVj, SJ::.(V) , 

'Alse occurs as a rrajor element in the malte phase IFeS) 
--

Predicted misciJJ;lilios indicate IIldt Ni, Co and Zn haw rolativGly strong affinities with both tho mdtte 

dnd ,I"," 10rmi,,0 ulumunts, " the ox:de arid SUlpt1i(1€ phases respectively, TI1ese elements carl 1I1LJS b<J 

oxpocted to n.stribute across both the matte and siag phases. Zn compound; are, however, 

considerabiy more voiatile_ and "'ill thus al~o report to the vapour phase (I.e, Zn will probably ocCur to a 

significant e,tent in all three smeiter output phases). The information in Table 8 4 also indicates that the 

affin'ltyof the chalcophilic elements Se, Te, As, Sb, Mo, and Re for tho slag forming oicmonts incroases 

as their ionic charges or oxidation statos increase. The deportmont 01 those eloments to tho slao 

phase_ probably in the form of oxyan'oos, Can thus be predicted to 'ncrease roiative to the matte phase 

as the furnace cooditions become incrcasi1gly oxidising. OXidation to h;ghor oxKJatioo states will. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 8 

however, also have an effect on the element volatilities, and hence their distributions to the vapour 

phase. 

8.2.3 The rate and extent of element volatilisation 

Thus far discussions have focused on the properties and behaviours of compounds in terms of their 

stable form under smelting conditions. The extent to which these compounds report to the vapour 

phase, relative to the matte and slag phases, will depend largely on the volatilities of these stable forms, 

as measured by their vapour pressures at typical smelting temperatures. 

A plot of vapour pressures for selected elements at 1500K (Figure 8.3) indicates that the vapour 

pressures of the elements are dependent on both their oxidation states and the forms, sulphides 

generally being more volatile than oxides. This is moderately so in the case of lead and cadmium; more 

so in the case of zinc; and significantly so in the case of bismuth, whose oxide is virtually non-volatile. 

5 Sb(lII) 

4 Oxides 

3 
Sulphides -E ..... 2 loU TI(III) 

CI 
0 1 '"i -CLI 0 Pb(lI) TI(III) Te(IV) ... 
::I Bi(lll) ed(/I) III -1 III Re(lV) Cd(lItb(II)MO(VI) 
CLI ... In(lll) Be(lI) 

11. -2 Zn(lI) In(lII) ... Sn(lI) ::I 
o -3 Ge(IV) 
a. Mo(lV) loU Zn(lI) > -4 Bi(lII) 

-5 
Sn (IV) 

Figure 8.3: Vapour pressures of selected elements at 1500K (See Figure 8.2 for thermodynamic data 

sources) 

Elements are grouped and ranked according to their vapour pressures or volatilities at 1500K, as a 

function of oxidation state and form, in Table 8.5. 
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Table 8.6: Qualitative prediction of element distribution behaviour patterns during smelting of copper 

sulphide concentrates 

Elements occurring predominantly in slag phase 

I: Si, AI, K, Ca, Na, K, Mg Ti, 
Mn, Ba, Rb, Sr, Zr, Li, Nb, 
Ga, W, B, Ta, Cs, Hf, Sc, Sn. 

II: Be 

III: V, Cr 

I Distribution to the slag phase is expected to be 
extensive under all smelting conditions 

II Partial distribution to the vapour phase expected 
under all smelting conditions 

III: Partial distribution to the vapour phase is expected 
under oxidizing conditions (volatility of Cr(VI) and 
V(V)) 

Elements occurring predominantly in vapour phase 

I P, halides, Re, TI 

II Cd> As> Pb> Bi> In> Sb> 
Zn 

III Ge, Mo 

I Distribution to vapour phase is expected to be 
extensive under all smelting conditions. 

II Partial distribution to the slag and matte phase 
expected, with distribution to vapour phase generally 
decreasing and to slag phase increasing as conditions 
become increasingly oxidising. 

III Partial distribution to slag phase expected, with 
relative distributions being dependent on extent of 
oxidation 

Elements occurring predominantly in matte phase 

I Noble metals (PGMs Au, Ag) I Distribution to the matte phase is expected to be 
extensive under all smelting conditions 

II Se,Te 

III Ni, Co 

II Partial distribution to vapour and/or slag phase 
expected, with distribution to matte decreasing as the 
smelting conditions become increasingly oxidising 

III Significant co-distribution to slag phase expected 

Consistent with the outcomes of the fundamental assessment, empirical results (see Table 8.1) indicate 

that, at a copper-matte grade of 55%, nickel is distributed fairly evenly between the matte and slag 

phases, with deportment to the vapour phase being low to negligible. Empirical results, however, also 

indicate that nickel distribution to the matte increases, with a corresponding decrease to the slag phase, 

at a copper-matte grade of 75%. The reasons for this are not clear, as the fundamental studies predict 

a reverse trend. Cobalt can be expected to exhibit a similar distribution pattern to that of nickel. 

At a copper-matte grade of 55%, selenium reports mainly to the matte phase (probably in the form of 

selenide compounds), although 20% deportment to the vapour phase is also indicative of partial 

selenide oxidation to the volatile Se(IV) oxide (Se02)' The distribution of selenium to the matte phase 
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decreases substantially at a copper-matte grade of 75%, indicating fairly extensive oxidation of selenide 

compounds under these conditions. A corresponding increase in the deportment of Se to the slag 

phase is indicative of fairly significant oxidation of selenide to the Se(VI) oxide, which has a lower 

volatility and a higher affinity with the slag forming minerals than Se(IV) oxide. Tellurium is expected to 

show similar distribution behaviour patterns to Se, although Te compounds are generally less volatile 

than those of Se. 

Empirical results also indicate that the extent of distribution of elements to the vapour phase decreases 

in the order As'" Bi ;:: Pb» Sb ... Zn, at a copper-matte grade of 55%. Such deportment is consistent 

with the volatilities of the sulphide forms of these elements, indicating that the oxidation of these 

sulphides is either limited or proceeds at a slower rate than their volatilisation. Empirical results do, 

however, indicate minor to partial oxidation of these sulphides, with the extent of oxidation and 

deportment to slag increasing in the order Bi< As ... Pb« Sb< Zn. The higher distribution of Sb and Zn 

to the slag phase can be attributed to the lower volatilities of their sulphides (relative to those of Bi, As 

and Pb), as well as the relatively high affinities of their oxide forms, particularly Zn, with slag forming 

minerals. At a copper-matte grade of 75%, the extents of distribution of As, Bi, Pb and Zn to the vapour 

phase decrease, with a corresponding increase in the distribution to the slag phase. This is indicative of 

an increase in the extent and/or rate of oxidation of the sulphides to less volatile As(V), Zn(II), Bi(ll!) and 

Pb(lI) oxides. Similarly, the observed increase in the distribution of antimony to the vapour phase at the 

higher Cu-matte grade can be attributed to enhanced formation of the Sb(lII) oxide, which is more 

volatile than the sulphide. The empirical results also indicate partial oxidation of Sb to the Sb(V) oxide, 

which has a relatively high affinity with the slag forming minerals. The relatively high distributions of Cd 

to the vapour phase, in comparison to those of As, Bi, Pb and Sb, at the 75% copper matte grade, can 

be attributed to both the high stability and volatility of the CdS compound. Empirical results also reflect 

the relatively high volatilities of Hg, and the high affinity of the PGM's, Au and Ag for the sulphide matte 

phase. 

A comprehensive quantitative list of element distributions during matte smelting, based on careful 

reconciliation of empirical data with a fundamental understanding of the chemistry and associated 

behaviour patterns of elements under smelting conditions, is presented in Table 8.7 
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Table 8.7: Quantitative distribution factors for elements during smelting of copper sulphide concentrates 

55 % Cu-matte grade 75% Cu-matte grade 

Vapour Matte Slag Vapour Matte Slag 

Hg, P, Re, TI 80-90 5-10 5-10 As for 55 % Cu-matte 

As, Bi, In, Pb All 10-30 5-10 30-50 10-30 10-30 

Cd elements: 10-20 5-10 60-70 10-20 10-30 

Ge 70-80 5-10 10-30 30-50 5-10 50-60 

Sb All 30-50 10-30 50-60 30-50 10-30 

Zn elements: 10-20 30-50 10-30 10-20 50-70 

Mo 40-50 5-10 30-50 50-60 <5 10-30 

Pt, Pd, Au, Ag <1 >90 <5 As for 55 % Cu-Matte 

Se, Te 10-30 60-80 <5 10-30 30-50 30-50 

Ni, Co <1 50-60 30-50 <1 60-70 10-30 

Alkali metals 

Alkaline earth metals All All All 

Ti-Hf-Zr-Nb-Ta elements: elements elements: As for 55 % Cu-Matte 

Ga-AI <5 <5 >90 

Si-B 

Cr-V-Sn 5-10 <5 >90 10-20 <5 80-90 

Where: 

• Distributions are expressed as percent of mass in feed. 

• Elements in italics represent those for which no empirical quantitative data is currently 

available. 

8.4 Summary and concluding remarks 

The specific aim of this chapter was to demonstrate the applicability of the generalised methodology, as 

well as the developed understanding and criteria in terms of predicting element distribution during 

smelting of copper sulphide concentrates, as a function of copper matte grade. As such, this case study 

serves to highlight the capabilities of the developed methodologies in terms of predicting element 

distributions in the case of processes entailing relatively complex chemical changes, and to what extent 

these are influenced by technology choices. 
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The results of this case study indicate that, although the distribution behaviour of the trace to minor 

elements will be influenced to a lesser or greater extent by the furnace technology, in general most of 

the lithophilic elements will report to the slag during smelting of copper sulphide concentrates, whilst 

many of the less thermally stable chalcophilic elements report extensively to the vapour phase. Trace to 

minor metals reporting mainly to the matte phase along with the copper include the precious metals, 

Se, Te and, to a lesser extent, Ni and Co. 

Partial deportment of contaminants also occurs to the other smelter outputs to a lesser or greater 

extent, and may have significant implication in terms of the environmental and eco-efficiency 

performance of primary copper production operations. As an example, whilst the slag outputs from 

smelter operations are generally considered to be sufficiently stable for land disposal and/or use in 

road construction, the deportment of hazardous contaminants such as arsenic and antimony to the slag 

phase, even though partial « 30%), could have significant implications, particularly when processing 

ores containing relatively high levels of such impurities. The potential for adverse effects due to partial 

element deportment to smelter output streams is likely to be particularly pronounced for operations 

producing mattes with relatively high copper grades (> 55%), which are generally conducted under 

more oxidising conditions. The results of this study have indicated the deportment of many elements 

(particularly the chalcophilic elements As, Bi, In, Pb, Cd and Ge), tends to be more evenly distributed 

between the slag and vapour phases under such conditions. 

Combining the quantitative distribution data presented in Table 8.7 with total mass flow information will 

enable the generation of a comprehensive inventory list of element concentrations in the primary 

smelter output streams as a function of feed compositions, as well as furnace technology. 
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Conclusions and Recommendations 

This study has developed and demonstrated a systemic risk-based strategy for addressing 

shortcomings pertaining to information on the environmentally significant characteristics of solid wastes 

from the primary mineral-based resource industries. The proposed approach developed in this study is 

underpinned by a qualitative understanding of the solid waste characteristics of key significance in 

terms of potential environmental risk (Le. the link between the solid waste properties and associated 

environmental impacts), as well as the key factors influencing those characteristics in terms of the 

origins and source of the wastes (Le. link between feed ores, ore beneficiation processes and solid 

wastes). This pertains in particular to the mechanisms and parameters contrOlling the properties, 

distribution and associations of elements within ore deposits, across process unit operations and, 

ultimately, from solid waste disposal sites. On the basis of this understanding, generalised criteria, 

protocols and methodological guidelines for predicting key solid mineral waste characteristics as a 

function of their origins (ore type) and source (generating process) have been established. Application 

of the generalised methodologies and criteria has subsequently been demonstrated by means of three 

separate but inter-related case studies relating to the primary copper production industry sector. 

This chapter of the thesis presents the key findings of this study (Section 9.1); highlights the 

significance of such (Section 9.2); and, finally, concludes with some suggestions for further studies in 

this area (Section 9.3). 

9.1 Summary of key findings 

This section presents a discussion summarising the main issues and problems underpinning this study 

(Section 9.1.1); the key aspects of the proposed approach for addressing these issues (Section 9.1.2); 

as well as the main observations arising from the case study applications (Section 9.1.3). 
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9.1.1 The need for a new approach to solid mineral waste characterisation 

Chapter 1 of the thesis highlighted the current situation pertaining to solid wastes from the primary 

mineral-based resource industries, thus providing the necessary motivation for the development of a 

new approach to address the identified shortcomings. In summary, the approach for the prediction of 

key solid mineral waste characteristics developed from the recognition of three main issues: 

1. In order to be effectively managed, potential impacts and risks associated with solid mineral wastes 

first need to be quantitatively predicted. Without reliable estimation of potential impacts, particularly 

over the long-term, there can naturally be no meaningful plan to mitigate the adverse effects, 

leaving limited avenues for improvement of environmental performance. Furthermore, in. a 

legislative framework leaning towards preventative rather than remedial approaches, it is equally 

important that the quantification of environmental impacts and liabilities be brought into the early 

design stages of the project life cycle, where the choice of appropriate technology can effect a 

reduction in both the amounts of waste generated and the environmental hazards associated with 

the wastes. 

2. The derivation and/or collection of data and information pertaining to the key waste properties or 

characteristics are, in turn, an essential and integral part of quantitative environmental impact 

predictions. In particular, the accurate and reliable prediction of the generation of leachate from, 

and ultimately the environmental impacts associated with, the land deposition of a specific solid 

waste requires prior knowledge of the environmentally strategiC contaminants and their potential 

behaviour under disposal conditions 

3. Currently available data pertaining to the characteristics of solid mineral wastes are largely 

incomplete and inconsistent, and the mechanisms of leachate generation poorly understood. 

Furthermore, whilst a vast number of empirical methodologies has been developed for the 

characterisation of solid wastes, there is a need for a more systematic and informed approach to 

empirical waste charcterisation. 

The motivation for developing a new approach to the characterisation of solid wastes from the primary 

mineral-based resource industries was thus driven not only by the limitations in terms of current data 

pertaining to the characteristics of solid mineral wastes. There is also a need to address such 

shortcomings in a manner which provides decision-makers with key information in the early design 

stages of a project, whilst simultaneously guiding further data collection and environmental impact 

prediction studies. 
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9.1.2 Predicting key environmental characteristics on the basis of waste origins and 

source 

In line with the overarching research objective and hypothesis, Chapter 1 proposed a conceptual hybrid 

(i.e. semi-empirical/semi-fundamental) approach for addressing data gaps and inconsistencies 

pertaining to the physio-chemical compositions and environmentally significant properties of solid 

mineral wastes on the basis of ore characteristics (waste origins) and generating processes (waste 

source). Whilst the collation of relevant and available data and information forms a necessary first step 

in the proposed methodology, the approach is largely underpinned by, and relies to a significant extent 

on, a clear understanding of the key factors governing the properties and distribution behaviours of 

elements during ore formation, extraction, beneficiation, and, ultimately, waste disposal. 

The development of this understanding, together with the subsequent derivation of criteria and generic 

protocols to support the proposed approach, constituted two of the key research aims, and formed the 

focus of Chapters 2 to 4 of the thesis. SpeCifically, Chapter 2 identified the criteria of key significance in 

terms of potential environmental impact, and developed a generic procedural framework for screening 

and prioritising solid mineral waste constituents accordingly. This was based on a fundamental 

understanding of the key factors governing both the hazardous properties and the chemical behaviour 

(or mobility) of waste constituents under disposal conditions. The application of the developed criteria 

and protocols for predicting solid mineral waste characteristics of key significance on the basis of 

hazard potential, chemical mobility and, ultimately, potential environmental risk requires prior 

knowledge of the compositions of the wastes in terms of both the concentrations and forms of the 

constituents. Due to their relevance in terms of technical and economic criteria, such as product quality 

and operational throughput, the distribution of the targeted metal and major ore components in ores 

and beneficiation input-output streams is generally fairly well understood. Data gaps and 

inconsistencies pertaining to these ore components can, for the most part, be adequately addressed on 

the basis of meaningful generalisations and simple mass balance calculations. In contrast, available 

data and information relating to compositions of trace and minor co-elements are largely qualitative and 

inconsistent, and their deportment during the formation and subsequent beneficiation of ore deposits 

generally less well understood. The derivation of meaningful criteria and protocols for the generation of 

such information was based on a review of the fundamental principles relating to mineralogy, 

geochemistry, metallurgy and basic inorganic chemistry within Chapters 3 and 4 of the thesis. 

Specifically, Chapter 3 identified the key factors influencing the enrichment or depletion of elements 

within certain types of mineral deposits, and grouped elements accordingly. Chapter 4 was concerned 

with the identification of the key parameters influencing the subsequent distribution behaviour of ore 

components, and the generic characteristics of the waste outputs, as a function of processing 

operations and technology options. 

Chapter 5 of the thesis was aimed at developing methodological guidelines, supported by a few 

illustrative examples, in terms of the selection and application of appropriate scientific techniques and 
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In the first instance, data and information pertaining to the chemical composition of solid mineral waste 

output stream(s) are predicted on the basis of the chemical properties and distribution behaviours of 

elements during the formation and subsequent beneficiation of ore deposits. The second step entails 

the prediction of key characteristics relating to criteria of environmental significance i.e. hazard potential 

and mobility. In accordance with the proposed semi-empirical nature of the conceptual approach, the 

overarching methodological tasks involved in predicting element distributions and concentration levels 

within ore formation, beneficiation and, ultimately, waste disposal input-output streams, include: 

Task 1: Collation and review of available and relevant empirical data and information for the system 

under consideration. 

Task 2: Theoretical assessment of the distribution behaviour, associations and chemical properties of 

elements, on the basis of fundamental chemical and thermodynamic principles. 

Task 3: Reconciliation of available empirical and theoretical data to generate a comprehensive and 

quantitative list of input-output stream compositions and/or potential element distribution 

factors, which can be combined with mass flows to develop mass balance spreadsheets and, 

ultimately. screen and rank constituents in terms of environmental significance. 

These methodological components are comprised of a number of technical elements including 

flowsheet construction; data collection; analysis & interpretation of empirical data; application of 

fundamental chemical principles and element periodicity; and predictive thermodynamic modelling as 

the main scientific techniques. These techniques cover a wide range of scientific disciplines and 

methods, the appropriate selection and application of which will, in turn, be largely dictated by the 

relevant criteria, as identified within Chapters 2 to 4 of the thesis, and summarised in Figure 9.2. 

In line with the first-order nature of this approach, element concentrations and distributions are 

expressed as qualitative (e.g. high, medium, low) or semi-quantitative (covering a range of potential 

values) measures of the typical, rather than absolute, element concentration levels and extents of 

enrichment, deportment and/or environmental availability (Le. data quality is consistent with early design 

stage or screening risk assessment requirements in terms of accuracy and certainty). Whilst the use of 

detailed and complex scientific techniques and methods for the derivation of such first-order data is 

thus unlikely to be warranted or meaningful, it has been argued that credibility of the predictions data 

can be enhanced through the application of a combination of suitable, yet simple techniques, in a 

manner which allows for validation of the consistency of results. 
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flotation. By reconciling available empirical data and information with a fundamental understanding of 

the factors influencing element distribution behaviour during the formation, extraction and flotation of 

generic porphyry-type copper sulphide deposits, a comprehensive inventory list of element 

concentrations and forms was generated for the ore formation -+ milling -+ flotation processing system. 

Constituents in the tailings output stream were subsequently screened and ranked on the basis of their 

potential environmental significance under disposal conditions within Chapter 7 of the thesis (Case 

Study 2). This entailed estimating and comparing the hazard and availability potentials of the various 

constituents at the generic concentration levels predicted within Chapter 6, thereby highlighting the links 

in the ore formation -+ ore extraction & beneficiation -+ waste disposal -+ environmental impact causal 

mechanism chain. Finally, Chapter 8 predicted element distribution during smelting of the copper 

sulphide concentrate stream as a function of targeted copper matte grade (Case Study 3), thereby· 

highlighting the capabilities of the developed approach and associated tools in terms of predicting 

element distributions for processes entailing relatively complex chemical changes. This case study also 

served to highlight the extent to which element distributions during ore processing can be influenced by 

technology choices on a reactor level. 

Whilst the predicted inventory lists are considerably more complete and less dispersed than those 

compiled on the basis of available historical data alone, levels of uncertainty pertaining to generic data 

on mineral deposits, and consequently the streams arising from the beneficiation thereof, remain 

relatively high. This can be attributed largely to the variation in the concentrations of elements between 

ore deposits, and even between different zones within the same deposit, as a function of local geology, 

hydrology and climatology. Nevertheless, the generic case studies provided data and information of key 

significance in terms of early stage decision-making, as well as further data collection and risk 

assessment studies in later design stages. In particular, the generic predictions indicated that a number 

of the chalcophilic co-elements (i.e. elements commonly occurring as sulphide minerals in non-oxidising 

environment), as well as the siderophilic co-elements (i.e. elements generally occurring as either 

sulphides or uncombined form - PGMs, Au and Ag), occurring within copper sulphide ore deposits are 

enriched to a significant extent relative to their average crustal abundance, some to an even greater 

extent than the targeted copper metal. Many of the chalcophilic metals and semi-metals are highly to 

severely toxic and, although their subsequent deportment to the tailings waste stream during early 

beneficiation is only partial « 30%), they can still occur in environmentally significant concentration 

levels. This is particularly the case for As, Zn, Cd, Se, Cu and Sb. Other constituents of a typical copper 

sulphide tailings waste stream of potential environmental significance include Fe, Ni, Si and, in 

particular, manganese and sulphate. Apart from the environmental significance of strategiC constituents 

on an individual basis, Case Study 2 (Chapter 7) also emphasised the need to consider other 

environmental categories of potential concern in terms of waste outputs from the early beneficiation of 

base metal sulphide ore deposits, namely salinity and acidity. Case Study 3 (Chapter 8) demonstrated 

the significant effect that the Cu-matte grade, and associated furnace technology, will have on the 

relative distributions of many of the co-elements (particularly As, Bi, In, Pb, Cd, Ge and Zn) to the 

output streams during smelting of copper sulphide concentrates. This case study also highlighted the 

importance of taking into account the partial, and not only simply the dominant, element deportment 
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pathways when assessing the compositions of waste outputs in terms of potential environmental 

significance in a disposal scenario. 

9.2 Statement of significance 

The ability to generate a comprehensive and, at the same time, comprehensible inventory of process 

inputs and outputs as a function of ore compositions and processing technology options is likely to have 

significant benefits for the primary mineral-based resource industries, providing decision-makers with 

key information in the early design stages of a project (in terms of developing processes within the 

context of sustainability), whilst simultaneously guiding further data collection and environmental imp;:lct 

prediction studies. More specifically, the generated inventory data can be used to identify and prioritise 

potentially strategic constituents 12, as well as to estimate the relative potential for adverse effects 

(including environmental impact and loss of potentially valuable ore constituents) to occur. 

Furthermore, by focusing on, and systematically decoupling, each fundamental step in the causal 

mechanism chain (ore formation -l> ore extraction & beneficiation -l> waste disposal -l> leachate 

generation -l> environmental impact), the approach enables potential environmental impacts to be 

linked back to the waste management strategies and generating processes themselves. In this way 

environmental performance can be assessed in response to system changes, thereby facilitating 

identification of opportunities for process improvements that minimise both the quantities and 

hazardous nature of the waste outputs - in line with the principles of cleaner production. 

The proposed approach is also compatible with the iterative and hierarchical nature of structured 

decision-making, the importance of which has been highlighted in a key note address (McKee, 2006) 

delivered at a recent SAIMM workshop on the challenges facing the sustainability of the mineral 

processing industry. Specifically, the proposed approach takes cognisance of, and assimilates, the 

requirements and constraints typically associated with early project development phases and process 

performance assessments, through the use of: 

• available data and information as far as is practicable; 

• relatively Simple predictive techniques and methods; 

• qualitative or semi-quantitative measures of element concentration and/or distribution "ranges"; 

• relative, rather than absolute, measures of potential environmental risk 

This ensures that the data and information requirements remain manageable, and the necessary data 

integrated into the early decision stages of a project life cycle in a manner that is both time and cost 

12 In the context of eco-efficiency, strategic constituents include those constituents considered to be of 

key environmental significance (both in terms of their presence in the waste and their impact on the 

environment) and/or are of significant economic value. 

218 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 9 

effective. The use of ranges to define input-output streams and performance data is also consistent 

with the extremely variable nature of natural ore deposits and mineral resource-based process systems. 

9.3 The way forward 

Whilst the potential overall value of the generalised strategy for predicting the key environmental 

characteristics of solid mineral wastes has been clearly demonstrated, further expansion and 

optimisation will increase both the confidence in, and usefulness of, the methodologies and criteria 

developed within this thesis. This section aims to identify these requirements and direct future research 

efforts, so as to increase the robustness, acceptance and, ultimately, the practical application of the 

proposed approach. 

9.3.1 Recommendations for further work 

In terms of robustness, the study has identified the poor quality (both in terms of accuracy and detail) of 

available data pertaining to the parent are as one of the major limiting factors in terms of the certainty 

and accuracy of the predicted compositions of the outputs arising from the beneficiation thereof. The 

availability of more detailed and reliable empirical data pertaining to the chemical compositions of 

typical run-of-mine ores from the various industry sectors, as well as a better understanding of the 

relationship between the characteristics of ores and their genesis, will greatly enhance the quality of 

feed-forward predictions in accordance with the methodology developed within this thesis. Modern 

mineralogical analytical methods such as the Mineral Liberation Analyser (MLA) and QEMSCAN ™ 

techniques, in particular, have the potential to generate detailed quantitative data pertaining to the 

concentrations and modes of occurrence of trace-minor elements within ore deposits, and are already 

being used fairly extensively to characterise exploration samples and ores ahead of mining and 

processing within certain industry sectors (see for example recent presentations by de Vaux, 2005 and 

Theron, 2005). Current industry-related applications and developments in this area are, however, 

concerned largely with optimising performance in terms of product throughput and recovery. Further 

work is still required in order to improve the application of the above-mentioned mineralogical 

techniques in terms of providing data and information for environmental impact predictions in line with 

the approach developed within this thesis, particularly regarding the reliable quantification of 

environmentally significant trace-minor phases « 1000 ppm) and their modes of occurrence within an 

ore body. Confidence in terms of the quality of feed-forward predictions of element distribution factors 

during ore processing will be further enhanced through the application of validation exercises, in which 

predicted data ranges are compared with empirically-derived compositions of inputs and outputs across 

unit reactors. 

Furthermore, whilst a measure of uncertainty is implied by using data ranges, rather than average or 

typical values, this study does not address uncertainty explicitly. The application of mathematically 

rigorous algorithms for quantitative data reconciliation and the measurement and analysis of data 
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variances will improve transparency of the derived information, and enhance the reliability of the 

decision-making processes (see studies by Notten, 2001). 

Application of the developed protocols and criteria for the prediction of element distribution during the 

formation and beneficiation of various ore deposits is not a trivial undertaking and requires fairly 

extensive technical expertise and knowledge. In order to maximise the usefulness and acceptance of 

this approach within the mineral resource-based industry sectors, it is recommended that the 

knowledge gained through this study be captured in the form of a dynamic "expert system" model, 

which: 

(i) Generates and collates data and information pertaining to the compositions of inpuVoutput streams; 

key factors of environmental and economic significance; and potential environmental impact as a 

function of ore composition, process technologies and/or waste management practices. 

(ii) Guides the selection and design of beneficiation processes and waste management practices in 

line with sustainability development principles, as well as further empirical testwork programmes in 

subsequent process developmenVproject management phases. 

9.3.2 Future application of the proposed approach and associated methodologies 

The generalised strategy presented in this thesis has been specifically developed to provide information 

pertaining to the key solid waste constituents of potential environmental significance in a disposal 

scenario, and is thus compatible with the screening phase of risk-based environmental assessment 

protocols. However, the strategy also provides a comprehensive, albeit first-order, estimate,of element 

distribution and input-output concentration data as a function of ore compositions and process 

technologies. As such, the developed strategy may also find application in the preliminary (in terms of 

project development) evaluation of potential performance against other sustainability-related objectives 

and criteria. In particular, the data and information can be used to identify opportunities to improve 

economic performance of mineral-based resource operations, through the early identification of those 

trace to minor elements which are potentially valuable, in terms of by-product recovery, and/or 

undesirable, in terms of product quality and processing penalties. 
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