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“The challenge is o design and improve policies, processes and institutions to deal more effectively
with societies growing demand for information, as technology is providing more information than ever
before, though often in a highly random and uncoordinated fashion” The MMSD project report-
Breaking New Ground (2002)



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 sustainability 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
guantitative 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 atternpts 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 (i.e. waste origins), combined with knowledge of the process route from ore to waste (i.e.
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 caiculations. 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 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 gquantitative
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 altenuation 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
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“One key lesson gained from experience is that failure to establish a plan at the level of conceptual
engineering before project operations begin makes the process more expensive, less effective in

managing post-closure environmental impacts, and more likely to generate conflicts” Danielson &
Nixon, 2000
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“Assessment tools will require a more systematic data collection and maintenance if they are to
survive as quantification tools - The necessary shifts are from data to information and knowledge and
from understanding to action” EEA, 1987
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“Disposal of wastes represents some risk to the environment. Reducing the quantities of waste
requiring treatment and disposal and reducing the hazardous nature of the products, should, therefore
receive the greatest effort” Waste Management Task Group of the Canadian Council of Ministers for
the Environment, 1996.
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Abbreviations

Australian Centre for Minerals Extension and Research
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Australia and New Zealand Environment and Conservation Council
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European Environmental Agency

Electrical conductivity

Environmental risk assessment
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International Council on Mining and Metals
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kJ/mol kilojoule per mole-unit of energy

m%/s square metre per second-unit of hydraulic conductivity

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

mg milligrams-unit of mass (1mg = 10°%g)
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pH measure of acid concentration (-log [H+])

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

ppm parts per million-unit of concentration (1 ppm = 1 g/t = Tmg/kg in solids and 1
mg/l in solutions)

um micrometer-unit of length (1um = 10°mm = 10°m)

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

Nomenclature

Cmx concentration of substance m in stream x

Dnx unit mass of substance min stream x

Eh electrode potential relative to the standard hydrogen electrode

AGY Gibbs free energy of formation

K equilibrium formation constant

M « total unit mass of stream x

r radius (ionic)

Z ionic charge or oxidation state

XX



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 shoricoming 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% century, the
industries response could be summarised by actions that have been aimed primarily at avoiding legal
liability, international trade embargoes and consumer boycolts. 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 entited 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 (ICMM) 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 al, 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 20"
century were largely deposited in unengineered sites, frequently located in close proximity to the
processing plants and/or local settiements. 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
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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
ilustrated 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, uniess 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.

Incipient rainfall

Waste deposit

Deposit Boundary

roundwater aquiter

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
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sufficient to prevent post-closure impacts and guarantee a “walk-away* situation' (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,
2008) 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 ali 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, 1989; Partidario, 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

' 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 (i.e. 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 al, 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 betwsen 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.
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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
recoghised by industry and legislative bodies alike (see discussions by Eary et al, 1990; Environment
Canada, 1990; Mattigod et al, 1990; Petersen et al, 2000; Stegemann & Cote, 1990; van der Sloot et al,
2003a; van der Sloot & 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 rmethodology 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
environmentai 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 groundeater contaminant plume associated with & solid waste dsposal site, This
guantification of both the inherent spatial- and time-dependent nature of the envirenmental impacts is
considerad an essential feature of the proposed approach. and one which rmany of e current impact

prediclion teols fail o address adequately {see detalled discussions by Hansen, 2004).
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Figure 1.2: Extended process boundary for the primary industries (modified from Hansen, 2004}

The approach proposed by Hansen (2004) |s compatibie with risk-based envirenmental assessmeant
methodelogies, such as Envirenmental Risk Assessment (ERA). with modelling of leachate generation
{emissicns) and pollution plume spread (environmental concentrations} torming the necessary firs
steps In the assessment of enviranmental risks associated with a solid wasle depos’| (see Figure 1.3).
The model outputs can. futthermore, be intstpreted to provide & mid-painl indcator of envirpnmental
impact based on easilv measured effect criteria such as waler quaily. which can be piologcally and
deteministically linked to meaningtul rsk assessment endpaints (such as mainignance o bigdiversity in
a particular ecosystem]. in this way the complexities, controversies and uncerainlies associated with
detalied exposute and effects morlelling are avaided, whilst sUll atlaining an indication of nsk. The
arlvantage of using standards as a measure of nisk in the early decision slages of a project ite cycle, 15
that they can be adapted to reflect sile o region specific diferences |n ecologcal sensitivity or
background levels in laler, more delaled studies,
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Problem formulation
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Figure 1.3: A risk-bosed environmental asscssment procedural framework for salld mineral wastes

{medificd from Hansen, 2004)

A comparisor of spatially ard temporally distributed epvironmertal corcentrations with water guality
criteria providas ar indicatior of the land area o volume impacted by the depositior. of solid waste, a5
demonstrated in Figure 1.4. This quantitative ndicatar termed an “lmpacted Lard Footprnt”, provides a
useful measure agairst which variables such as Upstream aperating corditions (which. after all, define
the amauat and compnsitior. of generated waste), waste managemert practices, disposal site location
and design, and even primary ores can be readily assessad, This indicator can alse be used to assess
minera resaurce-based impacts, such as degradation of soi and water guality. which is of pardicular
relevarice to water-scarce redions such as those found in South Africa,

Whilst the generic approach and leachate generatinn maodelling capabilities developed by Hansen
{2004) reprezeat a sigrificant advancement in terms of enabling more accurate assessment of
environmental impacts from the mireral-based resource industries. application to date has baen largely
Jmited to the migration of major salts from coal wastes, Although 1t s recognised that an assessment
of the envircnmental impact of solid waste disposal s not complete without a cons'deratinn of the fate
of the consfituent metals, the consideration of trace metal leaching will significantly increase the
complexity and accuracy reguired by both the lsachate gereration and mass transpart mode!s. This is
particularly the case for solid mireral wastes, which are generally composed of a multitude of trace
me:als in wvarous forms; the maobility of which 5 controlled by a complax network of compeating

parameters and mechanisms.
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Figurel.4: Impacted land footprint Showing acceptable and unaceeptable

reglans of conlamination (Hansen, 2004}

As indicated by Mangold & Tsang (1991) and Hutsan & Wagenet (1993), a predictive modal which
takes intc account all the chemical reactions and hydrud}fnamié processes and parametars [or all race
metals would roguire morg advancad computationsl facilities than currantly oxist, as we. as extensive
madel input data. The major challenge to the reilable and intelligent application of impact pradiction
modes to solid mineral wastas thus lies in the ability to minirise the complexities invalved, thraugh the
application of meaningful assumptions and ganaralisations, without impacting on the accuracy af the
rasulls. In this regard, waste characterisation and data collection is an integral part of leachato
generation madeiing. paricuiarly in terms aof identifying key chemical and physical characteristics of the
waste; the impartant reactions taking place, as well as the bulk transport behaviour, Furthermaore, as
postulated by Hanzsen (2004, the application of wasta characterisation mathodolagies to identity ene or
two strategic metals, selectad an the basis of potantial anvironmantal risk and far which the impacted
land foetprint can he assumed to encompass other metal {ootprints, wiil ¢learly reduce madelling
ellorts, This cencept is discussad furthar in Chapter 2 af tha thasis.

Scolld waste charactetisation for environmental impact predictions
In the breader sense. wasia characterisation entails describing the gualities or propertias of a particular
wasta material in terms of its potentisi environmental impact and suitability for further processing,

treatment, storage or disposal.

A number of laberatory-scale methedoiogies have been developed for the characterisation of solid

wastes, the mast commonly applied ones of which are surrmarised in Tabie 1.1 averleat.



Table 1.1: Description of mimpirical solid waste characterisation methodelagics and techniques

Teat Descriphion

Examples

Primary autcamos

Analytical & static empirical methodologies

; Physical proporios

Total element analysis

Mineralogical analysis

Sequontial chomical
extraclion tesls

Tasts far pod
generaling anddar
neulralising capacilies

Particle size: laser diffraction. PCS (Photon

Caorrelation Spectroscopyi. inlrasizing, cycinslzing,
Quantitalive data on physical properties screening; Density: helium pycnometor, Telal poro
(eq. density. pamicle size, and parosity] volume and pote size distribution: merguty
porosimeter, SuFlace area and poregire distribulion
BLCT (Brunauer-Cmymnet-Tellerf analyser
X-Bay Fluorescence Spectfometry (XAF): Alomic
Adsorplion Spectruscopy, [RAS] Inductively Coupled
Plasma (ICP) techpiguas! LECO analysers: wet
chemical lechmgues

Quantitative data poertaining o the
cancenration of individual metals/sami-
mitals, carbunale & sulphur species

Qualitative andier quantitative data on
tha torms and distribition of
contaiminanis

X-ray Diffraction {XRD1, Scanning Electmn
Microscopy (SER), optical microscapy

Cauantitativo infarmatian on tho
partitioning ar digiibution of trace to
minor alemants inmejere phases

Iin'llﬂ"UUS

Acid Base Accounning [ABA) ar Nl Meutralisabion
Potential (MMNP); Met Potential Ratia {NPF), Mar Acid
Froducing Patenlial {NAP); Nel Acid f3anaration
(MALE) tast

PEE RSy Sre s, SRS e

Ciunntitative inlormation en (He capasity
ol A waslo tn generale of nedralise acid

Lapnkko (2002), Miller af al {1881),

Chapter 1

Uselul references

! Lapakko (2002)

i Bruckard & Woodcock | 2004), Bulcher ol
LAl (2004)

Dang et al { 2002), Dold & Fantbaole
{2001), Guircn el al (2000), Leine e al

20001, Milehell et al (1994), van Herck &
Vandnenstoele | 2001)

Paktung (1889), Skougen et al (2002,
Snbok of al [1978), Stramberg & Danwart
(1869), LS EPA (1984), Wabar ot al i2004)
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Table 1.1 continued. ...

Test Description

Single batch extraction
tests under standarl
condibons

Parallel batch edraction
tesls under vanable
condibons

1 Serial batch lests

i

Primary outcomes

Framplos

Chapter 1

Uselul reforencos ‘

Quantilalve daty on contaminant

availability under speafic lest conditions,

Tomity Characternstic Leaching Procedure (TCLP) of
the US EPA, Gorman Din Water Leach Tests, South
African Acid Asinfall Leach Procedure (ARLP})

Quantitalive dala on contaminani
availabilily as a {unction of leach
conditions

Quantitative data on changes in
curaminan availability with time

I

| Concanlration build-up
tesis

Cualitative information pertaining o the
elfects ol the buldup of contammant
concantraliong in pora liguars

Mone avalatle

Flem-thraugh tests

Qunnlitnlive data an changas in
comtaminant availability with ima

Vanous (o.g. Furopean PREN 14405)

Eavry (1890), Environmenl Ganada (1960},
Falman & Aurcll (1996}, Joncs (1995).

| OECD (1983), Stegemann & Cote (195805,

Twardowsla & Szezopanska {2002), van
dor Sioot of al (2003a), van der Sloot ol al
[2003h), van dor Sloot & Dijksira {2004).
Whalstréim (1986).
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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 exiraction tests cannot adequately simulate the physical
transport processes, including the non-ideal fluid flow and gas diffusion mechanisms, occurring in a full-
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 al, 2000). As a conseguence, 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 L.eaching 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 al, 1999; Hage & Mulder, 2004). This results in confusion and controversy regarding the
interpretation 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-
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dependent leach behaviour in a typical disposal scenario. 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 al, 2000; Sanchez et al, 2003; van der Sloot et
al, 2003b; van der Sloot & 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.
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Tahle 1.2: Standard waste characterisation methodologies: Interpretation and limitations of data/information ocutputs

| Tost description

Application & intorpretation of datadinformation culputs

Chapter 1

Specific mitations

Analytical & static empivical methodologies

Physical properties

todal input data peraining o luid lowdlcachate
qgencration propedios

Total element analysis

Mincralogreal analysis

Toinfar potential avallability and anviranmental

cignificance of contaminants, in conjunctiaon with

mineralagical infermation

* Tainfer potential availability and signiticance af
cantaminants, in conjuncticn with element analysis

* Tointer potential phases and reactinns contralling
element release

To idantify offect of chemical woathering or leackeng o
chemical properics

Rasultz are not representative of constituant availability

+ Quantitative mincralogical analysis of complex systoms can b time-
consuming and costly

= Methodologies are generally not sufficiemly sensitive for dentification 2
guantheation of trace 1o miner element phases

Seguential chemizal
extraction fests

Tesls for acid generating
andiar neutralising
capacilies

Laboratory leach tests

Single batch cxtraction tosts
untder standard conditinns

A above

Hesults can only be considersd semi-guantitative unless vahdated .

+ Tointer potential environmental nsk in tems aof acid
draingge generation

» Tainfer polential minimum pH value in leachate

¢ Can be misleading due ta highly Hime-dependent natune of pH profiles inthe
| lield.

To intar potential availability and relative enviconmental
significance aver gaalagical lime

14

[ = Provide limited infarmatian in lerms of chemical mechanisms and influencing

paramelers

« Do not provide infarmation on the time-related nature of contaminarit release




Table 1.2 continued......

Chapter 1

Test description

Application & interpretation of data/information outputs

Specific limitations

Parallel batch extraction
tests under variable
conditions

+ To identify main types of chemical mechanisms controlling
contaminant release under various disposal conditions

« To identify controlling solid phases and derive quantitative
reaction equations, in conjunction with thermodynamic
analysis

Cannot identify or quantify very slow, kinetically controlled reactions

Cannot simulate effect of low L/S ratios, and/or simulate low L/S disposal
regimes

Do not provide information on the time-related nature of contaminant
release

Serial baich tests

¢ To derive an estimate of the time-dependent concentration
profiles, in conjunction with knowledge on field flow rates

¢ To quantify maximum availability over geological time

¢ To identify main types of chemical mechanisms controlling
contaminant release

Cannot identify or quantify very slow, kinetically controlled reactions

Cannot simulate effect of low L/S ratios, and/or simulate low L/S disposal
regimes

Information too limited to identify controlling solids and reaction equations,
or to assess effects of variable disposal conditions

Concentration build-up tests

To analyse effects of high ionic strength and saturated pore
solution concentrations on contaminant availability

Interpretation in terms of field conditions is highly uncertain

Results are unlikely to be applicable to high L/S disposal regimes

Flow-through tests

¢ To derive an estimate of the time-dependent concentration
profiles, in conjunction with knowledge on field flow rates.

» To quantify maximum availability over geological time.

= To identify main types of chemical mechanisms controlling
contaminant release

¢ To derive quantitative data on hydrodynamic characteristics

Cannot identify or analyse very slow, kinetically controlled reactions
Cannot simulate high L/S disposal regimes

Information too limited to identify controlling solids and reaction equations,
or to assess effects of disposal conditions

Tests are time —consuming and complicated fo set-up and run

Results tend to be erratic and inconsistent
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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 particulaf
targeted constituent from the ore is, in turn, largely dependent on the characteristics of the ore deposit.

Ore deposit |t | Progessing routes &
characteristics .o il #|  technologies

N

y
3
i
i Waste Metal/mineral

“m======P  characteristics 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 compaosition (i.e. the origins), combined with knowledge of the process route from
ore to wasle (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 componenis 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 1.8, 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
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informatian, will rasull in a firgl-order inventory list of process inputs and outputs as a function of feed
compasitions, procassing  technologies, and  waoste management options. The hybrid  sermi-
empiricaifsemi-tundamental nature of the approach is consistant wilh recenl trends i terms of the
simuiation or predictive madeiing of metaidrgical reactors, which hawe boen prompted largely by the
recognition ot the limitations associated with either puraly thesmodynamic modeling approaches or
parely empirical approaches (Ekstean & Router, 2003; Georgall at !, 20021

: ~, -
Inputs Qutputs
vy ey
" 5, i 4 ]
' Emrpinsai dala & Frindaimestal ‘ Precictod Ceta
infarmmatian kncne ange & & iularmatinn
| urnelaraiansting
L5 s N

Compositions &
qatiesis of tesrd oros

Azznciatians ancl

Makbura, form and
fanms of clements in ﬁ concetration of feed
oz doposits nfe COMmpanents

|

Ore: compongit mass
Distributinn banav.our of digiibutions to, as

Mass flows, procoss

1
|
canddicns & crmpirical i ore compononts curing ﬂ wall a5 sancantrations
elemet deportment : pracossing & farma n, waste
dala ! nutputs

| 1

Patantial availabilivy of
L atigratony-soale FPhys o-chemical ﬁ waste conatitucnts

wiSte behavizur of wasie any associato:
sadracier saticn & constiluents dner anvironmeontal risks in
liesld 2uta dispusal conditiuns a cisposal sconario

Figura 1.6: Conceptual approach far the prediction of key solid waste characteristics and associated

potential environmental risk

The proposed approach for the screening of key waste characterizics on the basis of origin and source
is, furthermaore, underpinned by a qualitative understanding of the sold waste characteristics of key
significance in terms of potential emvironmental risk - i.e. the link hetween the solid waste properties
and assocated environmental impacts, as well as the key factors iInfluencing those characteristics in
terms of the orgins and source of the wastes- e, the link betwesn feed ores, ore beneficiation
processes and Solid wasies. This pertaing in particular to the mechanizsms and paramsaters controlling
the properties, distributon and associations of elements within ore deposits, across process unit

operations and, ultimately, from solid waste disposal sites. Such an anderstanding forms the basis for
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the establishment of generic oriteria and pratocols for predicting key solid mincral waste charactoristios

in accordance with their origins and source.

In summary this spocific study aims to:

1. Dovelop a gualitative understanding of the key factors inveolved in the ore formation —» extraction &
benoficiation  » waste management & disposal — leachate generation —environmental impact
mechanistic cham, particularly in terms of reaction mechanisms and their associated parameters

which influence element distributions and associations over the material transformation chain,

2. Develop generic griteria, protocols and methodological guidelines for predicting key solid mineral
waste characteristics of environmental significance on the basis of their origin {ore type) and source
(genarating process).

2. Demanstrate the application of tho proposed methodaology, as well as the understanding and
critoria developed in 1 and 2. by means of suitable case studies.

1.2.4 Research scope and significance

In ling with the research aims. the scape of this study is specifically concerned with the influgnce of are
characteristics and beneficiation variables on the physio-chemical properties and leach behaviour of the
solid waste outpuls, and the implications of these charactarist'cs on potential leachate concentration
profles and crvironmental impacts in a disposal scenaric [see Figura 1.7),

i i
TR ’ | Process
I Tea [ | onrameiacs :
| charactersics | | & variables |

1

_______ .‘:.“:... |

7 ;
: Physio-chemical qnmpn;séi{tiqr}_& ;

. 5
i 1
e oy, EET T o, A i e
v Haz,ardpﬂtﬂmla] : 1' M:Ibf"h_lr II.‘ ........ [« esseerinem msenspans b

------------- s g :

Leaziire carcenlintioe ralies

r 3

ampeshon of o i
arriroirme il Sl oS e i
1

v "

LM NE ik M 1‘ ............. )

Figure 1.7: Contextualisation of the scape of study (illustrated by shaded areas and solid lines)

The accurate predicton of crvironmental impacts clearly requires consideration of the fate of

contaminants in the subsurace environment, as well as the effects of site-spocitic factors (2.
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gechydrolony, logal biediversty, raintall. disposal practices), In this work, however, the foous s
specifically on waste-specitic ‘acters. and leachate genaration is docoupled fram its subseguent sdb-
surface transport, such that the envircnmental pertermance of a waste dopasit is miatod directly 1o the
nature of the matarial censigned therein, and the key faclors dotermining sach (e, waste origins and

SOUNGE].

ITis furtharmare postulated that the stractured prediction of solid waste characteristics on the basis of
origin and sodres will ailow far mare reliable and affective empirical characterisation protocols. This in
turn will ensdre a mora accurate assessment of the limae-dapendent leachate genetation bahaviour of
wasla materials, ultimately resulting in more realistic quantitative impact predictions. As indicated ir the
pravious section, the availability of prior in“ormation pertaining to the physic-chemical compesition, as
we! w8 the kinetic and metabalic behaviour, of constituent compenents is o particular impertance n
terms of the intelligent design and application of an empirical waste characterisation {est protocel. Apar
from guiding datailed ampirical and predictive modelling studies, predicted waste ¢haracterizgation data
can also be used. in corjunction with relatively simple mass transport egualions, o conduct first-order
or screening assessments of potential environmental impacts directly. A proposed systematic and
iterative procedural ‘ramework for the nsk-based assessment of environmental impacts, in which the
pre’ minary screening of waste characterstics on the bBasis ot orgin and source s a furdamental
component, is presented in F.gJdre 1.8.

Froblem formulalion

(Gl ves, e of inforration available | acouracy ol dalaequiernents ele)

Waste characterisation

SCrepning Assessment

iPredictics of key waeie charaierigics on tra bags o ore cram@cteristics ano
G aling protrisp]

¥

L Andlysis of rolavant prysio-choermical proporiss

& s rmng ceripmsiicn, minealngical cornpesision, paricla size ) B

¥

‘I Errpinca: machae exdraction besbwork,

Lstermmnale of relevard =il sa-arebsoald adion meihansms, and ralazed cata)

¥
Quantitative predictive madelling

! _achate genetelicr proh &5, envianmanta fale - ---- - -------
and franso]

Risk assessment 1'F ¥
Gita-ganaric to sita-

specific assessmons

Inform nesxt hisrarshy

-+ SoreRting
assassTants

---% Ega- yosage studios —*  Later sage sludios

Figure 1.8: Procedural framewark tor the systematic assessment of environmental risks associated with

solid mineral wastes
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The prediction of waste characteristics on the basis of origin and source can clearly play a key rale in
informing dogision-making i the early stages of a project life-cycle, as well as in guiding further data
collection ard porformance assessment studies in later prejest stages. Whilst the focus of this particular
study 1= specifically en envirenmental perfermance, a better understanding of the distributions of minor
and trace ore components during benaficiation can also play an important rale in the evaluation of other
performance eriteria, including ecanemic viability and, in particular, eco-sfficiancy”,

Of key importance In terms of the accuracy ard specificity of predicted waste characterisation data and
information. is the itorative or hierarchical nature of Yypical process design and data collection protecals.
As domonstrated diagrammatically in Figuee 1.9, the seloction of process options to deliver designs
consistent with internationally accepted sustzinability principles is ideally conducted in an iterative
marngr, with increasing articulation of detail and reduced uncertainty Aas one progresses from the

conceptual 1o the final dasign stages.

| Py ot o ey B el P Tl T T el el s sttt et S e 1  pa o R s RSl S, N Ml s st e 5 st s o e e Y
1 I 3
" " | -
i Generic process design methodology | Process design stages I
: i :
1 e | i
| Generation of alternatives E 1 . :
i i » Flowsheel devolopment ! i e Bmﬂdp}:rspm;ﬂvﬂ |
! 1 1 - '
i -p= Mass and energy balances P Gt I |
: it L E | fedﬂﬁslt_iglllll? infotmation, i
! ' | gL campiaxity and I
| : ': o ' cgda.'ngfj |
: i Process data [l :
: : | o :
1 1
i : b Feasibility :
8 ' - ; b design |
' ! Analysis of alternatives o ) ! i
L ! Performance svaluation: Lo E
:f I oonamic bl '
e ; .
:E = enviranmental A k '
B « socic-political p o Freliminany ‘ !
s i~™ s+ technical P | design .
5 ; P !
- 1
: '. iy j
: : Quantified i i !
: :r Information o h 4 Narrow perspective |
! ! £ Final design (high leveiaf |
| | ; b nformation, !
: -1 Sclection of preferred g comolonty and !
! P alternative(s) E : cenainty) i
I | | i
B e e e e e e e e 4t e o, e R P A L |

Figure 1.9: iterative process desigh and data callection
This systematic appreach cnsures that data and information requirements remain manageable and that

processes are dosigned and implemented in a cost and time efficient manner. This is particularly

° Eco-officiency has been idemtified by the World Business Council for Sustainable Dewvelopment

(WBCSD, 1996} as a key driver for companies in forms of macting sustainahility objectives — combining
eoonomic improvements with more cllicient usce of rosourges and the prevention of envirenmental
emissions or dedgradatian.
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impartant in the early design stages which are usually characterised by a large number of alternatives
(typically 7-15) and relatively broad systam boundaries {see discussions by Basson & Petrie, 2003
Stewart e at, 2003a).

Tha generic approach outlined in the previous section is thus aimed at generating characterisation data
which is in line with garly design stage or screening risk assessment information reguirements in terms
of uncertainty, a reasonable degree of which is both necessary and desiable. In accordance with
Douglas (1898}, such uncertainty is typically in the range of 25% to 40%, and is indicative of typical or
neneric, rather than absalute, valuas.

1.3 Thesis structure and layout

The approach to fulfilling the aims and scope of this study, as outlined in the previous sub-section, s
closely reflectad in the thesis layout, as represented schematically in Figure 1.10.

Chapter 1
Thesis introduction

o

Chaplers 2-5 Chapters 6-5
Davelopment of the -
pengralised methodalogy Case study apglications
,-/’/
\4 e 2
Chapter 9
Conclusions & recommendations

Figure 1.10: Schematic representation of the thesis structure

Chapters 2 to & are aimed at developing the gualitative understanding, protocols and methodological
guidalines which undarpin the proposed predictive approach, thereby fulfilling the first two key research
objectives, Specifically Chapter 2 identifies solid waste characteristics of key significance in terms of
their potential environmental impact and risk, thus establishing the framework for the exploration of
those factors that contribute to variations in identified characteristics, as a function of ore type and
characteristics (Chapter 3), and subsequent processing routes and reactor technologios {Chapter 4),
zeneral methodological guidslines in terms of the technical tasks associated with the predictive

gpproach are outlined in Chapter 5.

In line wity the third specific research objective, application of the approach is demonstrated by means
of appropriate case studies in Chapters & to 8 The primary copper production industry sector has bean
selected for this purpose, as it is & wall-defined and described industry that encompasses many of the

1
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complexilies and problems bmically associated with the primary mineral-based resource industries.
These relate in padicular to the presence of multiple co-glements, complex process How-sheets, as well
as ‘arge volume wastes posing a relatively high environmental risk. Three separate but nter-related
case studies, as presented in Figure 1.11, have been selected to specifically demenstrate the key
features of the generic rule-based methodology developed in the preceding chaplers of the thesis. Such
features pertain in particular to predictions of the chemical and mineralogical compeositions of cre
deposits (case study 1}, the subseguent distribution of cre compenents during ore beneficiation (case
studies 1 and 3}, and the resulting environmeantal mplicalions asseciated with the land disposal of solid
wasle nulpuls {case study 23

Finally, Chapter 9 discusseas the signiticant Hindings and conclusions, and proposes a way farward.

Chapter 6: Case Study 1

Chemizal composition of coppe- sulphide ore
deposits

¥

Cistribution of ore componeants during mining and
concentratien

— (%

Chemical compasition of copper Chemical composition of copper
sulphide flotation tailings sulphide flotation concentrates
Y
Chapter 7: Case Study 2 1,,
. . Chapter 8: Case Study 3
Chemical behaviour of P v
conslituents in copper sulphide
tailing impoundments Dislribulion of components
during smelting of copper
b sulphide concentrates as a
Relative environmental function of furnace
significance of congtituents on technolody
the basis of mobility and hazard
patential

Figure 1.11: Lay-cut of the case study applications
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Solid Mineral Waste Characteristics: Establishing
the Link between Waste, Leachate and

Envircnmental Impact

A gualitative understanding of the solid waste characteristics of key significanee in terms of patential
arvironmental mpact and nsk predictions Is an integral and cssential part of the proposed
methodology for the pradiction of kay solid minerai waste characteristios, Basod on this undorstanding
environmental impacls can be rolated back threugh the waste .+ leachate — (anvircnmantal
concartraton) — emdironimental impact chain to the characterstics of the leachato genoratod by a

wasle disposal site and ultitmately to the charactenistics.of the waste material contanad therain,

Areview of the apen literatyre (2., Bourg, 1995, Eary ot gl 1930; ICMM, 1995 Jones, 1895, QECD,
19593, Parametrix, 1985} indicates that there aro threa ovar-arching cntana which noed to be met in
ordar for a solid rmineral waste to pose a rsk tg the envircnment, viz,

1. Oreor more of the componsnts must have an inherent capacity or potantial to causo harm; and

2. The hazardous cormpenent(s) must be present in the waste in environmeantally significant
concéntrations or quantities; and

3. The hazardous componsntis) must oe avallablo for uptako or adsorption Gy organisms i.o. thay
inust be bicavaliable. In order to be bioavailable, solid waste compononts first noed to bo availablo
for raloase from the disposal site, and subseqguentiy transported within the envirenment Lo, such
compononts néad to be enwvircnimentally availagle in order to be binavailable. |f a2 spiid waste
componont s immobile under specific disposai conditons, it will net be environmeantally availatble
and will thus pose no envirenmentai risk, regardless of its hazard potential and concentration

within tho solid waste.

Both tho hazardous nature and the mobility of selid waste constituents are, n turn, dependent (o 3

larga oxtent 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 function of two main criteria, viz, the hazard potential of the waste constituents and the
possibility of such constituents becoming moble or available for release to the environment under
disposal conditions.

Hazardous properties of g Corstituent > Leach behaviour of
waste constituents concentrations aonstituents
Hazard potential Availabifty potential

\/

Ervvirenmental risk potential

Figura 2.1: Solid waste properties of key envirenmental significance

The key factars influgncing the hazardous propetties and availatility of typical solid waste constituents
are entified and assessed N Sections 2.1 and 2.2 respectively. This knowledge will form the basis for
subseguent camparisons of ore (Chapter 3) and processing (Chapter 4) factors which contribute to
variations in these characteristics. The critetia for evaluating the hazard and availability potential of
solid waste constituents can furthermore be applied to estimate and compare the relative
environmental risk associated with each of the various constituents, in accordance with the generic
protocgl proposed in Section 2.3,

2.1 The hazard potential of typical solid mineral waste

constituents

The identification of the hazards associated with a particular chemical specigs is commonly used to
type or classify substances according to their hazardous properties and associated risks (e.g. acutely
toxic, modsrately toxic, corrosive, flammab'e et and is an important part of conventional
environmental risk assessrment {(ERA) proceduras (as illustrated diagrammatcally in Figure 1.3,
Section 1.1].

This sub-section identifies specific hazard potential criteria of key envirenmental significance in the

case of solid wastes {rom the primary mingral-basad resource industries (Section 2.1.1), and uses
these ariteria to group and rank typical solid waste constituents accordingly {Section 2.1.2).

24



Chapter 2

2.1.1 ldentification of key hazard potential criteria for solid mineral wastes

As discussed in detail by previous authors (e.g. Hansen, 2004; Notten, 2001; Dallas & Day, 1893},
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 (DWAF, 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 damagek.
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.
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Table 2.1: Essentiality of naturally occurring elements (ANZECC, 1999; Cox, 1995; Férstner & Wittman,
1981; Logan & Traina, 1993; Torrey, 1978)

Non-essential

Essential

Humans and animals

Plants

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

Se, Ti, Zr, Hf, Ta, Nb, Re, Co, Zn, (V), (Si}, (As), (B), (W),
PGMs, Au, In, Tl, Br, Te Macro-nutrients:
Na, Ca, 8, P, Mg, K, ¢!

Ag, Pb, Li, Br, Bb, Sr, Cs, Sr, | Cr, Cu, Fe, Mn, Mo, Ni, Se, (Sn) , F, 1,

(Ba)

Micro-nutrients:

B, Cu, Fe, Mn, Mo, Zn, V, (Ni), CI

Macro-nutrients:
Mg, K, P, Ca, §

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.

Moderat

Growth Rate or Yield [:>

Severe

Essential
Elements
Deficiency Sufficiency Toxicity
Subclinicat

Increase in micronutrient supply

=)

=

Tolerable Toxic

'_-———-\
Subclinical

Moderate

Severe

Growth Rate or Yield

Non-essential
Elements

Lethal

Increase in element supply

=)

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

1981)
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Whilst virtually all elements are toxic when supplied in excess of optimum (essential) or talerable {non-
essential) levels, the concentrations at which toxicity andior deficiency ecours will vary guite
considerably for the ditterent elements.  Highly toxic elemants will exhiit toxcity at relatively low
soncentralicns, whilst elements exhiciting a “low” or “moderate” loxicity will exhisit toxic effects at
considerably higher leveals.

Texicity, or the level at which toxic effects occur, is, however, also dependent on a number of other
factors (see for example reviews oy ANZECC, 1992 Chapman & Wang, 2000, Dallas & Day, 1593,
Forstner & Wittman, 1981; Logan & Triana. 1993 Parametrix, 1985 Rubenstein & Segal, 1983% .
Whilst chemisal form or speciation is of particular relevance ta melal and melalloids (see Table 2.23,
toxit: effects of Irace metals will also be highly dependent an the nature and life vistory of the expesed
pranisms (including aspects such as age, sex, ievels of starvation and activity), An evaluation of the
toxicity of metals and metalloids is further complicated by the ability of organisms to genetically adagpt to
changes in matal concentration levels, and by the syrergistic or antagenistic effects of metals cocurring
simultansoushy.

Table 2.2: The envirgnmantal significance of chemical forms (Logan & Traina, 1893)

Elament Deminant aguaoous chomical form Mest taxic chemical form

Ag Ag' Ay

: b AsDs” 1 ASOs* -Ta B

. T BIOH} R{H}

' Ba Rt Ba’'
B Be’* Be®
Ei i Bt LInkrown
Cd o o
Ca Co’* €05 kg
Cr : R e 2 Gt
Cu Cu’' cu™
Ha HaiOHjz, HoCi: CH:Hy
(3 MR * n’!
Mo MO, e
Mi =" Ni®
Fh PhiOH) PR’
Sh ShiOH) Unknown
Se Tee P S0
Zn bl i ; Zntt

In short, the characlernisalon of toxicily i terms of damage to humans, wildlite and plants on the basis
of expasure-ettect modelling is ditficuit, and fraught with uncertainty and inconsistency. ln many cases
reliable data pertaining to loxicological properties of substances are nol available, paricularly in the
case of trace metals, and the cause-ettect chaing nal clearly understood.

27



Chapter 2

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) i.e. 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 Aguatic
consumption ecosystemns
Animal watering Crop irrigation

Group I Hg, Cd, 8b, As, | Hg, Cd, Se, Pb Hg, Cd, Mo, U Ag, Cd, Hg
Elements having a Pb, Se
severe effect
Group | Toxicity: U, As, Cr, Ni, Co, Toxicity: Co, Cu, Ni, CN,
Elements havinga | Ni, Cr, CN, Cu, F, Al, B, Fe, Mn, Se, Cu, As, Be, Cr, Cr(Vi),Al, Pb, Se,
high-moderate F,B,Ba, V Zn, Cu Cu, Ni, B, F, Zn, Pb, As,Zn, U, B, V,
effect Aesthetics: Ba, F, Li Mo, Fe, Se

Al, Mn, Fe, Zn Equipment fouling:

Fe, Mn

Group Il Toxicity: Mg, Ca, Na, Cl, Mg, NO3, Mn
Elements havinga | NO3, 804 S04
low-moderate effect | Aesthetics:

Na, Cl, Ca

Guantitative 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 HI: Human consumption: 30-500ppm; livestock watering: 100-2000ppm; crop irrigation: 40-300
ppm; aquatic ecosystems: 20-200ppb

No quantitative guidelines available for Ti, Zr, Hf, Nb, Re, W, Ge, Ga, Bi, T|, 8n, In, Te.
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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 blénket 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 bicavailable 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.

Sensitivity shift due to acclimation
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o ToxNkity ToXicity

- /

2 \

o>

;5) 50 \
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[essential metal]

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 al, 1994, US EPA, 1995). Typical environmental
concentrations are presented in Appendix 2.2.
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Tahle 2.4: The abundance of elements in natural environments

Group Crust & soils ' Froshwators

Group | Ge, Sh, In, Hg. Ag, T, |, Cd, | TI, Ccl. Hy, Mn, Co, Cr
Bi, Se, Au, Re, Te, PGMs

Scarce slements

Group Zr, BEE, Mi, £n; Cu, Li, 5n, Mi, Se. U, ¥, | Sk, As, Cu,
o, Ph, Wb, Ga, W, B, Mo, U | Py, Zn
" Ta, Gs, Be, As, Br, HE, 5S¢

Trace elements

Graup |l Mn, F. 5. Cl, Ba, BRb, Cr, ¥, F. K, Mg, Fo, S, & Na.
tMinor elemments TiF
Group |V Si, Al Fo, Ca, Ma, K, Mg

Major clemaonts

e i

Group |: Crust & soils: <1ppm; freshwators: <1pph

Group |1 Crust & soils; 1<pprm<100; freshwators: 1-10ppb
Group lll: Crust & soils: 0.1-1%; freshwaters: 1-10ppm

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

hazard potential criteria

On the basis of the discussion in tho proviows scction {2.1.7). criteria censidered to be of key
significance in terms of cvaluating and prioritising the hazard pstential of typical solid mincral wastc
components insludo;

¢ biclogical relevance in terms of both texicity and cesontiality
= aesthetic (aste, odour, colourd and physical (carrosion, fouling) properties

» natural background levels,

Table 2.5 groups and ranks constituent contarminants commaonly asseciated with solid mineral wastes in
accordance with the abovc-rmentioncd aritcria.

3



Table 2.5: Generic ranking and grouping of typical solid mineral waste components on the basis

of hazard potential

Chapter 2

Components

Common hazard characteristics

Measurable indicators

Major soluble salts

Na, K, Mg, Ca,
sulphats, chioride,

bicarbonate, nitrate

All essential macro-nutrients, low-moderate toxicity
{only toxic at relatively high concentrations),
relatively abundant {minor-major) in natural

environments.

TDS or EC

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

Group A: High-severe hazard potential

1: Cd, Hg

2: 8b, Pb, As, Se, Ag,
Tl, Te, In, Cr(V1), CN

3: Bi, Re, Ge

1.Toxic to all organisms at low concentrations; non-
essential & relatively scarce in natural
environments

2. Relatively high toxicity, partial to non-essential,
scarce in natural environments

3. Toxicity uncertain (generally moderate), non-
essential, scarce in natural environments

Group B: Moderate-high hazard potential

1: Ni, Cr (ill}, Cu, Co, B,
U, Zn, Be, Mo

2: Mn, Fe, Al, Ba, V, F

3: 8n, Br, Ga, W, Li, Zr,
Ta, Hf, Sc, |, REE

1: Mainly essential at low concentrations, toxic at
higher concentrations, present in trace quantities in

natural environments

2: Majority micronutrients, toxic or aesthetic effects
at elevated concentrations, relatively abundant

3: Toxicity uncertain (generally low-moderate),
predominantly non-essential and present as trace
elements

Group C: Low - moderate

hazard potential

Individual concentrations

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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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 propertieé
(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.

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 ore 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, Al, 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 biocavailable form (in

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

Acidity: Acidity is normally expressed in terms of the free hydronium ions (H" or H;O") and
measured in terms of pH (-log H* 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 liguid 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 inorganic® solid waste

® 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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daposits. Based on this understanding, Section 2.2.2 discusses tha nteraction and overall offect of the
key procassos and paramntars on the chemical behaviour of solid wastes specific to the primary metal
production and coal-bascd powar gonaration industries.

—_—

4
Bulk Fluid { (e : ? .

Flow

Step 1 Chemical reaction: The mobilization of contaminants from solid waste depesis can ocour via a
numiker of chemical reaction mochanizsms.
Step 2 Imfra-particle diffusion. Roacting species are transporied 13, and mabilized solid species
fram, the site of reaction through the particle pores of the solid by means of malacular diffusion.
Step 3 Mass transfer, Particla surface - bulk liquid inter-transter of reacting specics and mobilised
solid specias occurs by means of malecular diffusion.
Step 4 Bulk figuid transport The mabilised species are transported through the bulk deposit, either by

malecular diffusian throgh stagnant liguar phases, or by convective transport it a maving fluid frant,

Figure 2.4; Overarching mechanisms describing the leaching of solid waste constituents {(Cohen et al,
15848)

221 Inorganic solid waste reaction mechanisms

I accordance with the general literalure ($ee for example Bourg, 1995, Eary et al, 1290; |CTMM, 1985
Jones, 1995 QECD, 1993; Paramctrix, 19958), tho main reaction mechanisms controlling the mobility of
wypical  solid  wasle  constituanls  include  dissolution/precipitation,  oxidaliondredustion  and
adsorplion/desorpbion raactions,

Precipitation and dissciution are arguably tho most imporlant roactiong in terms of their control on the
rompositions af salts and metals™, In many casos the roloase of cantaminanis and weathering of
inorganic solid wastc doposits can ka largely cansiderad within the framewaork of relative solubilitios of
lhe conslituont compounds. These salubilities can be inferred from a cansidoration of tha stable forms
af Ltha alomants under atmospheric conditions, which ara, in turn, a function of ionic radii and charge
densitics (soe Figure 2.5).

" Faor tho purpnses of this study, the term "matals” is assumed o include motalloids or semi-metals.
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Figure 2.5: Stable forms of the elements under atmospheric conditians an the basis of ionic radii and

charge density (modified from Cox, 1595}

The plot ol jonic charge vs. ionic radii in Figure 2.5 indicates that he clements can be divided into a

number of Groups on the basis of their stable forms and associated solubilities, vie:

Efemenis forming low-charged cafions This group includes the relatively large alkali

metals, the salts of which are highly basic, wonic and soluble in water.

Elements forming insafuble carbonates and/or sulphates: This group includes the alkaling
earth metals and many of the 1% row transition elements, the oxides and salts of which are
relatively soluble in the absence of carbonate and sulphate. These elements form relatively

inscluble compounds with doubly charged anions such as carbonate and sulphate.

Elements forming parlially to sparingly soluble oxide/hAiydroxides Elements falling into this
group are of inlermediate size and charge density {Z= 3 ar 4) ana include some of the first row, as
well as many of the 27 and 3° row trarsition elements. These elements are partialy o sparingly

solubie in water.

Elements forming oxyanions: These giements are small and highiy charged (2 = 5 or §), ana
their salts are relatively scluble in water.

The prediction of slable element forms and associated solubiliies under disposal conditians on the

basis of ionic radii and charge density is, howeyer, iargely gualitative and very general, For many of the

glements, the solubility of their stable compounas will be depandent on paramelers such as complexing
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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.
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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 elerments, 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 controlied). 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)-HE(V)-Ti{IV)-Sn(iV)- Zr(IV)-HE(IV)-Ti(IV) -Sn{lV)- 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)
Oxides/hydroxide Be(I)-Al(i)- Ga(iil)- Sc(ili)- Be(ll)-Al(ID- Ga(lll)- Sc(iil)- Be(Il)-Al(IH)- Ga(lll)- Sc(il)-
precipitates Si(IV)-Ge(lV) Si(V)-Ge(IV-Fe(lll)- In(ll}- Si{IV)-Ge(IV-Fe(lll)- In{ill)-
Bi(ti) Bi(ii
Cr(l-v(I/(vy Cr{im-v(y/v)
Metals Au-Ag-PGMs-Hg-Se-Te Au-Ag-PGMs-Hg- Se-Te Au-Ag-PGMs-Hg- Se-Te-Cu
Sulphates Ca(ih)-Sr(l))-Pb(it)-Ba(ll) Ca(l)-Sr(ih)-Ba(il)
Carbonates Pb(il)-Mn(il)-Fe(ll) Cd(In-Co(i)-Sr(ih)-Ca(ll)-
Pb(il)
Soluble cations In(UE)-Bi(li)- Cr(B-V/(IV) | TI()-NI(D-Co(il}-Zn(1)-Cd(il)- | Ni(i1)-Co(ll)-Zn(il)-Cd(li)-
TIN-Ni()-Co()-Znih-Cd(i)- | Culll)-Mg(Il)-Fe{ll}-Mn(li)- Cu(i)-Mg(i)-Fe(ll)-Mn{li)-
Cu(il)-Mg(ll)-Fe(ll)-Mn(ll)- alkali metals alkali metals
alkali metals
Soluble oxyanions B(I1)-P(V)-As(V)-S(VI)- B(1)-P(V)-As(V)-S(VI)- B(II)-P(V)-As(V)-S(V1)-
Re(VIl)-Mo(VI)-W(Vl) Re(VI)-Mo(VI)-W(V}) Re(VIl)-Mo(VI)-W(V1)
B: Oxidising redox potential
pH 4-6 PH 68 pH 8-10
Stable oxides Zr(IV)-HI(V)-Ti(V)-Sn(IV})- Zr(IV)-HE(IV)-Ti(IV)-Sn(IV)- Zr(IV)-Hf(IV)-Ti(IV)-Sn(lV)-
Nb(V)-Ta(V)-Sb(V) Nb(V)-Ta(V)-8b{V) Nb(V)-Ta(V}-Sb(V)
Stable oxides/hydroxide Be(Il)-Al(lll)- Ga(lll)- Sc(il- Be(Il)-Al(1I))- Ga(ill)- Sc(ill)- Be(il)-Al(ll)- Ga(ill)- Sc(il)-
precipitates SiIV)-Ge(iV) SiIV)-Ge(IV-Fe(ll}- In(iil)- Si{IV)-Ge(lv-Fe(ill)- In(lil)-
Bi{lil}-Hg-PGMs Bi(ltl)- Hg-PGMs
Metals Au Au Au
Sulphates Ca(ll)-Sr(ih)-Pb(il)-Ba(ll) Ca(Il}-Sr(il)-Ba(ll)
Carbonates Pb{il)-Mn{l)-Fe(il) Cad(I-Co(lt)-Sr(ih)-Ca(ll)-
Pb(il)- Ni(i)-Zn(it)-Mg(ll)
Soluble cations In(lI-Bi(HY- Crii)-vEI/Av) | TI-Ni(th)-Co(i)-Zn(i)-Cd(1)- T (H)-Nih)-Zn()-Mg(ih)-Ag(l)-
TID-Ni(i)-Co(I)-Zn(il)-Cd(Il)- | Cu(ll)-Mg(ll)-Mn(il)-alkali Mn(i1)-Cu(ll)-alkali metals
Cu(l)-Mg(ih)-Fe(ll)-Mn(il)- metals-Ag(l)
alkali metals-Ag- PGMs
Soluble oxyanions B(I)-P(V)-As(V)-S(Vi)- BUI-P(V)-As(V)-S(VI)- Re(Vil)- | B{ID-P(V)-As(V)-S(VI)-
Re(VIl)-Mo(V)-W(V1)-Se-Te Mo(VI}-W(VI)-Cr(VI}-V(V)- Re(VID-Mo(VH-W(VI)-Cr(VI)-
Se(IV)-Te(lV) V(V)-Se(lV)-Te(lV)

Adsorption is a phase distribution process whereby the dissolved ionic species are transferred from the
liguid 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 H" 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:

o Distribution-controlied 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 i.e. 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.

o 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 dissolution/ precipitation rates are generally rapid.
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s  Sorption-controiled 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.

o 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 10 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. Zr(0,); and the precipitation of carbonate
compounds as a result of CO, 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 systemn 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-controlied 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 al, 2000).

41



Chapter 2

: Primary solid waste i
[ Traca/minar Major
i | phases phases [

Alteration and weathering mainly
throwgh dissolution and oxdation
reaclion mechanisms

&

Attonuation of mobilised constituents
matnly through pracipitation
and adsorption reaction mechanism

Secondary precipitates Leachate

; : Minor chemistry ) #7777 o ST
' Tracefrmnor _ 1 Major chemistiy
:L phases j Trace-mincr :
------------ gl J = Major soluble inns
e -

; 1
1 I
L !
I ]
| I
1 (|
: :

Figure 2.8: Conceptual model of the chemical behaviour of solid mineral wasie constituents

On the basis of this undarstanding, the waste-specific preperties considerad to be of key significance in

terms of predicting and pricritising the potential chemical availability of salid mineral waste constituents

include:

Total consfituent concentration. In accordance with the basic laws of thermodynamics, the
chamical reactions controlling the mobility or availability of any particular constituent will be
dependant on its total cancentration.

Chemical form or speciation of constiluent. The charmical forms of the constituents in the solid
phase can sirongly influence their chemical properies and leaching behaviour, as well as their
toxiciny.

Distribution of constituent within the waste; The distribution or partitioning of a specific elermeant
in the salid phase can be impotant for contralling both the extent and rate of leaching. Elements or
minaral phases that are enrichad on particle surfaces will be more accessible to solution, and
conzequently leached intizlly at mere rapid rates than slements that are distributed mare uniformly
within the waste matrix. £Elements that are incorporated predominant!y in sparingly scluble phases
will be releasad to solution only as fast as these =solids dissolve, assuming congrusnt dissclution. In
many cases, slements that are physically adsorbad onto the surfaces of major phases or prasent
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as carbonate/hydroxide 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.

o 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 constituents®, 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.

% 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 al, 1998; Pennington & Yue, 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
sSources.

« 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 guantitatively expressed in
terms of effect and enrichment factors, as presented by Equations 2.1 and 2.2 respectively.

44



Chapter 2

Effect factor = solid concentration/environmentally acceptable concentration Equation 2.1

Enrichment 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.

Hazard potential factor = (m. effect factor).(n. enrichment factor) Equation 2.3a

Mazard potential factor = (m.n)(solid concentration)® /((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 fofal 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.

Risk potential factor = (m.n)(available solid concentration)® /((m.environmentally
acceptable concentration).(n.typical natural Equation 2.4
concentration))

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 2.5a

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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Figure 2.9: licrative procedur&alatl framowork for the scroening of potentially strategic constituents in solid

mineral wastes

This framewark represents a8 methedology algarithm in which those constituents which are unlikely to
be of cnvironmental significance are excluded from further and mare detailed investigations In a step-
wize and relatively simple, yet scientifically valid. manner. It s, however, important to bear in mind that
the so-detarmined hazard, mobility and risk potential factors are relative ratner than absolute measures,
and have been specifically developed to compare and rank the various wasle constiluenls in
accordance with environmental signilicance, rather than provide an indicator of actual impact, (o this
regard, the units of measurgment are not usuatly impartant as leng as they are consistent.
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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
environmentally
Group description 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
concentration levels <Pt<Tl<Sb<As<Au<Mo

II: Potential for environmental risk if ) .
present at low (minor) available 10-100 Pb,Bi<Be << Ge <Ni,U<W

concentration levels

{i: Potential for environmental risk if Sn, l« Coc Ta<Mn, B,Cr<Cu<

prosnt at modéhye siiable 1001000 | i< REE << Zn< Br < Ba < Ga <
Zr<Nbh <V

IV: Potential for environmental risk only A: 1000-10 000 A:F<Sc«<Li<Cl<Rb<Fe,
if present at relatively high available .
concentration levels Al<Ti<Sr<S<P

B: >10 000 B:Si<Mg<Na<K<Ca

Hazard potential factor = (m.n)(solid concentration(ppm))? /[(m.water quality criteria (ppm)).
{n.average crustal abundance (PPM)) ..o e i Equation 2.3b

Assumptions:
s 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 =z 1000
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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 relativély
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 allered 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 Potential Factor = Reactivity potential factor x {1-attenuation potential

Equation 2.6
factor)

through primary weathering and alteration reactions of the solid phases.
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In confrast to hazard potential, which is largely specific or inherent to a particular chemical species, the
mability of solid waste constituents is Influcnced by a @arge number of variables. 1t is thus almost
impossible to group ard rank elemeants aceording ta their genere mabilitics without consideration of the
chemical and mineralagical compasitions of the solid wastes as a unction of ore ypa and goenarating

PrOCESSes,
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Mevertheless, a number of tools exist for predicting the potential chemical mobilities of element
constituents within specific salid mineral wastes aver the expectad deposit le-time on the basis of
avallable empincal data andfor fundamental thermodynamic principles. Ah ovetview of same of the
appropriate taols, as well as genetalsed gudelings in terms of their selection and applicalion, s
pravided within Chapter & of the thesis.

2.4 Summary and concluding remarks

In this chapter of the thesis, the criteria of key significance in terms of predicting the potential mpacts
and risks associated with solid mineral wasles in a disposal scenario have been identified, and a generic

profocol far the sereening and ranking of the vanous waste constituents developed accordingly.

These generic protocols anc associated criteria, as summarised in Figure 2.11, have been based an a
comprehensive raview and fundamenlal understanding of the key factars governing both the hazardous

propertias and he chemical behaviour {or mobility} of typical solid mineral waste constituents under
cisposal conditions.

Canstituent concentralions

e o )

Hazardous nature of waste constituen:s hemical mobility of constituents under

a5 & funclian of: dispoasal condilions as governed by the:

«  [iglogical relevance In terms of bath « chemical farm ar specigtich of censtiluents
loxicily and ossentiality = distributicn ar gartitioning of constituents
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* natural hackground levels majer iens) and secondary solid fermations
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Hazars potential Availability potential

\/

Enviranmenial risk potential

Figure 2.11: A summary of environmentally significant solid waste properties 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, play a 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, i.e. 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 chaplter 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 {generaling process) is the subject of discussions in
Chapters 3 and 4 respectively.
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Appendix 2.1

Appendix 2.1: Water quality guidelines
(DWAF, 1996; ANZECC, 1999)

Domestic use (ppm) Agricultural use (ppm) Protection of aquatic
Livestock watering Crop irrigation ecosystems (ppb)
ANZECC SA ANZECC SA ANZECC SA ANZECC SA

Mo 0.001 | 0001} | 0002 0001, . 0002 ... 0.013 | 0.04.
A e e e 00051 . ...
Cd 0002 | 0005, . 001 ... 001 ) ......001 1 | 001 ) ... 00131 | 0.15,
Sbo . 00031 . 0.05 | e
Ay 0.007 | ... 0014 .05 ... 2 ] 01 ... L3N I 76| ... 10.
Sl e 1.6 ...
ANV e 24 .
Poo |80 001 4 .01 ... O O 120 .. 0.2
Se 400y 0.02 ) . 0021 ... 5].......002 1 | 002 | 2.
SelN) 141 .
SV e 23 | .
N 802 LIS IS 021 .. 0.2 ... 0.7 1 .
L*1(1) SN SRS SRR SRR BUNURRNY NSRRI BSOS SRR SESR
OV 805 005 ) X L3 RN R S 0.1 4 .. P T IO 7.
Gy 05 ... 0551 ... 30 UUUURUUUU! NUSSUUURE NUNR 2 S 12,
Mo 00 006 ... 001 ) .....001 | 001 | ... 6.7 | ..
ON 008 Tl 1.
Be 1l ... O
Mo 011 ... 005 | . 10 021 | 002 | A7 180
Al 02 ... 015 ) .8 ... S 3 B | I 1.2 ... S
B 03| ... S S 3 I 051 .. 054 ... 48| ...
Fe ] 031 ... O | ] 10 ] 02 ] 100
Ba ] 0.7 | ... A L35 TR TR
LSRR BUNUUUUURRN SSRURCRURN I ISR 2 2 LI U IR SUSR
Cu LI SRR 1 SRR NS 055 021 . 02} _....033] . 0.3,
O e 1......008, ... 024 ) .
I SR RN SN SRS 1 SUUUUUUUUUURIS AUUTORON 1 L B RN SR SS .
M e LIS IR 01 . ... O 4 6
e e A
Sulphate Ll T
Ammonia L b B2
A 24| ... 3 20 20 | . 21 ... L0 T 24 ... 2
L N NSRRI SUSUUSSRRS ISR IUUUURRRNS RN SO R 36501 .
Nitrate |} . e B 100 ) X200
Na 180 100 |
Mo 100
Hardness
CaCo3 | ... 200 |
Sod 250 | . ....200 ) 000 .
O I R 250 | ... 100§
dDSs . 500 | _....450 ) ..l 1000-3000 |
PH ] 65851 . 6.5:9 | ] 6583 ] 459
Increase in
cond. (uS/m) | e e 60-500 | ...
Conductivity ‘
(mS/m) 550
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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 al, 1994; US EPA, 1995).

Element

Crustal abundance
{ppm)

Uncontaminated soils (ppm)

Soil target
levels

Minimum

Maximum

Average

{ppm)

Freshwaters (ppb)

Minimum

Maximum

________________________

........................

277200

.............

.............

...............

...............

_______________

...............
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Appendix 2.2 continued.....

Appendix 2.2

Element Crustal abundance Uncontaminated soils (ppm) S?g\::{get Freshwaters (ppb)
Pom) Minimum | Maximum Average (ppm) Minimum Maximum
A 007 | ... 0.70 | ... S e ]
P ] 0.0 e e
P 0008 e e e
A, doc220004 e e I I
Te, Ru, Os, Rh, Ir, Re 0.001
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Appendix 2.3: Generic screening of environmentally significant

element concentration levels on the basis of hazard potential

Typical guidelines
Crustal abundance (ppm) for drinking water Estimated environmentally
(see Appendix 2.2} {ppm} significant concentration
Component (see Appendix 2.1) {(ppm)

Te 0.001 0.02* 0.1
Hyg 0.08 0.001 0.3
Ag 0.07 0.01 0.8
Cd 0.2 0.005 1.0
Re 0.001 1 1.0
Se 0.09 0.02 1.3
In 0.07 0.05* 1.9
Pt 0.005 1* 2.2
Ti 0.3 0.02* 2.4
Sb 0.2 0.05 3.2
As 1.8 0.01 4.2
Au 0.004 5* 4.5
Mo 1.5 0.05 8.7
Pb 16 0.01 13
Bi 0.2 1* 14
Be 2.8 0.1* 17
Ge 1.3 1* 36
Ni 75 0.02 39
U 1.5 1* 39
W 1 5* 71
Sn 3 5* 123
i 0.5 30° 123
Co 25 1* 158
Ta 1 30" 173
Mn 1000 0.05 224
B 10 0.3 224
Cr 100 0.5 224
Cu 55 1 234
Hf 26 - 30" 279
REE 85 1* 292
Zn 80 3 490
Br 2.5 100" 500
Ba 430 0.7 550
Ga 15 30" 670
Zr 100 5* 700
Nb 19 30" 750
F 600 1 775

150 5* 870
Sc 14 100" 1200
Li 30 100* 1700
Cl 100 100 3200
Rb 120 100 3500
Fe 50000 0.1 3900
Al 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 elemenis 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 technigues 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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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 (O, Si, Al, 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 to
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 Element
Major elements
> 100 000 ppm Si
10 000< ppm < 100 000 Al>Fe>Ca>K>Na>Mg

Moderately abundant elements

1000< ppm< 10 000 Ti> P

1005 ppm 1000 Mn > F>8> Ba > Sr> V=Rb>Cl=Cr=2Zr
Minor elements

10< ppm< 100 Zn = Ni > Cu> Li = Co > Nb>Pb = Ga =5¢

Trace elements
1< ppm 10 B > 8n=Cs = Be = Br> As = Mo = Ge

Scarce elements
0.001t<ppm s 1 W=|=Tl=8b=Cd=Bi>Se=Hg=In=Ag> Pd>Pt= Au

< 1ppb Re, Te, Ru, Os, Ir, Bh

A summary of available information pertaining to the ore 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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1972; Cox and Singer, 2003; Reuter et al, 2003; Xiao & Laplante, 2004)

Industry sector Typical ore Major ore Commonly occurring
grade components minorftrace elements
Non-Ferrous Base Metals
Copper 1-5% Cu,Fe&S Ni, Zn, Ni , Cd, Mo, Hg,
Pb, Sb, Ag, In, Se, Tg,
(100-700) Bi, T, Re, As, Ge, Ga,
PGM’s, Au
Nickel-suiphide 1-5% Ni, Fe, S As for copper
(100-500)
Nickel-oxide 1-4% Fe, Ni Al, Cr, Mn, Zn, Co, Cu
(100-500)
Zinc 3-5% Zn, Fe, S Ni, Co, Cu, Cd, Hg, Pb,
Sh, Ag, In, Bi, TI, As, Ge,
(400-600) Ga, A%, Mni
Lead 2-6% Pb, Fe, § As for Zn
(1000-4000)
Non-Ferrous Light Metals
Aluminium 35% Al, Fe Mn, Ti, Cr, Fe, Ga, Cy,
Zn
{4)
Magnesium _ Mg, Fe Al, Mn, B, Ni, Cl, Br
Ferro-Alloys
Chromium 30-40% Cr, Fe Mg, Al, V, Zn, Mo, Pb,
Cd
(1500-2000)
Manganese 30-40% Mn, Fe Al, Mg, Co, Ni, Cu, As,
Pb
(300-400)
lron 30-60% Fe Sn, Mg, Cr, Ti, V, Al, As,
Zn, Pb
(6-12)
Precious Metals
Platinum Group 5 git Cr,Fe, Cu, Ni, S Ni, Cu, Co, Fe, As, Au,
Metals (PGM A , F
etals ( s} (5000) g, Cr, Fe
Gold 4-10 git Au U, Ti, Zr, Cr, Mn V, B,
Fe, As, Cuy, Zn, Pb, 8§ ,
(500-1000) Hg, Ag, PGM's
Beach Sands 1% Fe, Ti Sn, V, Al, Cr, Zr, Mn, Nb,

(2)

Ta, U

s  Figures in brackets represent enrichment factors relative to abundance in the earth’s

crust

e Constituent elements in italics represent metals frequently recovered as by-products
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Any Invostigation relating to solid waste outputs from this wdustny thus requires a guantitative
understanding af the chemical compasitions of bath the host rock-forming and ore-forming (targeted as
well as sub-economis) minerals and companent elements.

As demanstrated in Figure 3.1, mineral deposits are farmed in the firs! instance by crystallisation fram
magmatic melts (magmatic deposils), and subsequon! physical and chermical weathering of the
magmatic deposits on exposare 1o air and water {sedimentary deposits),

Magma Malte  —— Crystallisatior

-

Iagmat ¢ ceposits

r

W ERTHRT L

v

Ajr & alar =i

Solad “Rgrmerls
containing
ingodable
mircrakzelomeits

Hilulicrvs anrilain reg
soluble minerals:
cleronis

Sedimantation

Sadirenlarn ™,
eposils

Flgure 3.1; Geological and geochemical processes involved in the formation of mineral deposils

Whilst the structures of both magmatic and sedimentary deposits can underoo further transformation or
metamerphosis in natural environments, the distinction botween metamerphic rocks and those rocks
formad by magmatic activity or sedimentation is froguently unclear (Battey, 1981). In general
metamerphism entails the stabilisation of mincral compenents in sedimentary &and magmatic rocks
mainly as a result of recrystallisation but does not influence the elemental compositions Le. the
compasitions of metamorphic deposits genoerally reflect the compositions of their sedimontary and
magmatic precursars, Far the purposes of this investigation, attention will b fenused only on magmatic
and sedimantary doposits.

These magmatic and scdimentary depasits can be grouped or ciassitiod in accordance with their bulk
chermical compositions and conditions relating to their formation (1.c. thelr genesis), as indicated in
Figures 3.2 and 3.3 respectively.  Further information portaining to the formation and chemical
compositions of magmatic and sedimentary deposits is provided in Appendix 3.1
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Magmatic deposits
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Figurc 3.2: Classification of primary magmatic deposits

3.2 The distribution and association of elements in major mineral

deposits

A review of general texts or the mineralogy, geoloegy and/or geachemistry of the earth's crust {see for

cxample Batty, 19871, Cox, 1995, Thorrton, 1884), Indicates that elements ocour in the eartin’'s crust in

the tore of cither sulphides (including sulphide analogues such as tollurides, selerides, arsenides and

antimanides); exdes (including comrplax exdes such as silicates, carborates ard sulphates); or as

uncambined, natve clemaonts.
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Shales

. Compinsad radominandy of chy minaals lorrag
by the pritnary hydrclys’s of sllicate mirerals in
matamorshic dasosits

. Contair lesser amounts of quartz, carbonate and
oz e minecals formed by the re-precipiiation of
elemigrits solatilsed durirg prieane dissohation of
metamorshic deposits

. Constitate 80% of sedimenta+y depasits

Limestone
. Comgrsed mairly o' Ca/Mg carconatas, formed
b the te-precipiiation of elemerts solubilised
Aunigg dissahution of metamarphio rooks and
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Sedimentary Sandslane
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magmiatic depasits, on (4 = Car contain mingr quantities of clays ardfor iror
EPGE U to girard axirles ich&r‘ls]
water Corstiute +  Corestlpte 15% of spdimentary deposils

approgimately 5% of
the earths arust, sl
acnount for 7% o
Ignenus rock suface Lateritcs

BROOSLTES Comprised oredomiranty of oxides of irzn fhmematite,
2 goethite; andar aluminium. (baukite, g:bbsite), formed
by the re-precipitation of these elements, solubiliser
during dissclution ol metamorphic racks anad
assooaled clays

Evaparites
Cometssl predom manty of crystablzed salts of majer
iors (Mg, 1, Cal re-orecizitated fqom Righly mineslized
golutions

Coal
b Comprised predemirantly of organic carbon with trace
to minor inergaric sulphids and oxide mirerals

Figure 3.3: Classifleation of sedimentary deposits

As indicated v Figures 2.4 and 3.5 overeaf, the natural occurrence of elements can, in turm, be
carrelated with their chemical properties and patterns thereof (as representad by the pertadic table}, as
well as their affinities for axyaen (a5 measured by the standard Gibbs free energy of oxide tormation,
AGST) Metais having a strong aflinity tar “hard” ligands such as oxides and halides include the strongly-
to-morlerately slectropasitive metals, appearing o1 the lefl hand side of the pericdic table. These
elements are commonly termed lthaphiles o lithophilic slements. The weakly electropositve metals
and semi-metals {or metalloids), appearng in the lower right hand side of the perodic table. have a
strang affirety for “soft” sulphide-type (including selenids, telluride, arseride and antimenide) ligands.
These elements orly ocour as oxides in natusal ervironments under oxidising conditions, ard are
cammanly referred 1o as chalcophiles. The noble metals (gold, platicum group elemerts, and, o a
lesser extent, capper) frequently occur in the uncombined farm, ard are commonly relerred ta as

sideraphiles.
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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 2.5: The affinity of elements for oxygen (thermodynamic data sourced from Brookins, 1988, Cotlon

& Wilkinsan, 1962; Elliot & Gleizar,1960-63; Garrels, 1960: Knacke et al, 1991; Kneen et al, 1872; Lide,

1997: Price. 1998, Woods & Garrels, 1987, Zeimack, 19%2)
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The distribution and associations of elements in naturally occurnng mineral deposits {ores and host
rocks) is thus distatad in the first place by the relative affinities of the elements for hard “oxide-type”
versus soft "sulphide-type” ligands, and ores are frequenty classified as sulphide or exide ores, in
accordance with the form of the valuable or targeted metals. This classification systermn s useful te both
exgloration geslogists and process design engineers as it coresponds with behaviour patterns of
alemeants during bBoth the formation and subseguant baneficiation of ore deposits, Some of the physio-

chemicai properties typical of oxide and sulphide forms of the naturally nccurring elements are outlinad
in Tahle 3.3

Table 3.3: Generic praperties of oxide and sulphide chemical forms

Property

Oxide compounds

Sulphide cormpounids

Mature of bonds

Essentialiy ionic, although the

dagrae aof ionic bending varies
- agcording ta the electranegativity

and ienic charge of the cation.

Essentially covalent-frequently
dispiaying significant metal-meatal

Boncling.

Thermal stagpility

. Wil vary according ta the ionig

Relatively unstable-canverted to

nature of the bonds, Generally

axides of elemental phases in the

more stable, with higher melting presence of oxygen at elevated

and bailing points, than sulphide | temperatures,
i forms.
Solubility Waries guite considerably in Zenerally stabe to hyaroiysis and :
accordance with the nature of the | relatively insoluble in water.
bionds, Dizzolution generally reguires
sfrengly acidic and/or oxidising
conditions.
Physical Gaeneraiy less dense and harder | Frequantiy displaying metallic
properties i than sulphides. character- high conductivity

The information provided by such a classification system in terms of the physio-chemical properties,
behaviours, and associations of elements occurting within amy particular ore deposit is, however, both
extremely general and broad. The actual properties or characteristics of ares occurting in each ciass
{i.e. suphide and oxide ares) will vary quite considerakbly, due to the large number of meshanisms and
parameters influencing the distributions and associations of elements within naturally occurting rmineral
deposits. Even in terms of the forms, many elements {such as iron, coball, nickel and copper) show
intarmediata character and can ccocur as either oxides or sulphides {see Figurs 3.4), depending on the
envirgnmental conditions, Copoer can also oceur as native copper,
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A detailed review and analysis of the key factors influencing the distribution and association of elements
in sulphide and/or 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)/ 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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Figure 3.6: lonic radii and charge densities as a funetion of their oxidation state {lonic radii sourced

from Kneen et al. 1872}
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A number of lithoph ¢ elemants remain in the agueous andiar or gas phase, along with the sulph.de
ferming chalcophilic elements and sidesophiles, at the high temperatuses asseciated with the deposition
of igneous rock deposits {ultra-basic to acidic rocks). Such elements include the divalent metal cations
(particularly calclum, magnesium ana barium) forming stable sold phases with oxyanions (mainly
phosphate, carbonate, sulphate ana borate); the simpie oxides of the alkali metals and silica [guartz);
a5 well as the volatile halides. These elements are transported In theis stable forms within the hot
residual magmatic solulions, gases and waler vapour theough rock fissures and cracks to the eacth's
surlace, resulting in the gradual formation of hydratharmal mineral deposits on the walls of the fissures
upon cooling.  As indicated in Figure 3.2, hyarothermal depesits are genesally divided inte tnree
temperature ranges, with the temperature of crystallisation decreasing on going from the hypothermal
to the mes=othermal to the epithermal range. Altheunh the thermal stabilities and hence the melting ana
baiiing points of the covalent sulphide compounds at slevated temperatures appear to be linked to the
extent of metal-metal bonding or alloy-like character of the compeounds, metal sulphides freguently have
peculiar and complex stoichiometries, and are generally not well undecstood. Mineral associations
commonly reported (see for example Batty, 1981, Correns, 1959; Duda & Rejl, 1986} for the vanous
iypas of hydrothermal deposits are presenied 0 Appendix 3.1, Figure 3.8 indicaies poigntial
assaciations of selected hydrothermal minerals on the Basis of therr melling and sublimation
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Figure 3.8: Stable temperature ranges of hydrothermal minerals as a function of melting and sublimation
points (melting and sublimation temperatures have been sourced from Elliot & Gleiser, 1897; Lide, 1897;
Outokumpu, 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 phasés. 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, Tl, 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(h)

K@) » Au(l)-Ba(ll)

Rb(l)-Au(0)

Ga(l)-Sr(lty

Ca(ll) 4g » Na(l)

“ / Sc(lll)-Zr(IV)-HEIV)-Mn(ll)
//Ti(nl)
Fe(ll) \

Co(ll)-V(ily-Zn(l1)

Nb(V)-Ta(V)-Sn(IV)-Ni(th))

Mg(ll) € Fe(lll) €  V(V)-Mn(lll) € Ti(l\(N):aA\?)(IV)- Cril, Cu(l)
Ga(ii
V(IV)-Li(1)
Al < P Ge(lV)

Figure 3.9A: lonic substitution model for lithophilic elements (igneous and pegmatitic rock deposits)
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cu(l) - — Sb(lll)
In(iin)
Coll)

Fe(il) < p Culll)-Ni{lt)-Zn(il) P Re(v)
Mo(1V)-As(lih)

Figure 3.9B: lonic 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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revarsible eguilbriam-controlled reactions, which are dependent on a number of garameters, including
constituert activity, redox potential, the nature and concentration of major seluble wons and the
sedimentary deposits and, In particular, pH. In contrast, the rates at which the primary phases are
weathered or altered can vary guite considerably, ranging from rapid equilibrium-controlled reactions.
resulting in relatively rapid weatharmg and mobilisazion of associated elements. to slow kinetically-
controlled reactions, which are only likaly to result in significant weathering in the mediom- to long-term,
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Figure 3.10: Generalised fiowsheet for the formation of sedimentary deposits

Typical weathering and sedimantation reactions of the commaon mair minarals in naturally-ocelrring
deposits are prasented in Appendix 3.2, The corresponding distributions of minar and trace elements
ean, in turn, be predicted from a kngwledge of the Eh-pH regions of dominance for their atable forms,
as presented for exampie by the Eh-pH diagrams of Bropkins, 1988 As indicated in the reactivity model
in Table 3.4, this aiicws elemants to be grouped in accordance with their chemical behaviour patterns,
and hance likely associations in sedimentary or weathered primary deposits, as a function of natural
redox potential and pH conditions.
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Table 3.4: Eh-pH reactivity model

Chapter 3

Element description

Conditions of reaction

Reaction products

pH

| Redox potential

Group1: elements forming stable oxides or metals (unreactive under most natural pH and redox

conditions)

1A: oxides

Zr(IV)-HEQV)-Ti(IV) None None None

Sn(lv) None None None

Nb(V)-Ta(V) None None None

Sh{V) None None None

{B: metals

Au None None None

Ag Acidic-alkaline Oxidising Ag(l) cation

Hg*-PGMs Acidic (<4) Oxidising Cations
Neutral-alkaline Oxidising Oxides/ oxyanions

Se-Te Acidic-alkaline Oxidising Se(lV)-Te(lV) oxyanions

Group 2: elements forming moderately stable oxides (partially reactive under specific conditions)

In(lin*-Bi(lh> Acidic (<5) Transitional-oxidising Cations

Fe(lll)-Mn(lil) Acidic Transitional-oxidising Cations
Neutral Transitional Cations

Cr(Ih-V(ih/(v) Acidic Transitional-oxidising Cations
Neutral-alkaline Oxidising Oxyanions

TI(n Acidic-alkaline Transitional TI(I) oxides and cations

Be(il)-Al(iii)- Ga(ill)-

Acidic (<4)

Transitional-oxidising

Cations

Sc(lill) Alkaline (>10) Transitional-oxidising Oxyanions
Si(iv)-Ge(lV) Alkaline (>12) Transitional-oxidising Oxyanions
Re(lV)*-Mo(IV)*-W(lV) Acidic-alkaline Transitional-oxidising Re(VI)-Mo(VI)-W(VI) oxides
and oxyanions ,
Ti(lih) Acidic-alkaline Transitional-oxidising Ti(lV) oxides
Group 3: elements forming moderately unstable oxides (relatively reactive under a wide range of
conditions)
Ni(i)-Co(lh) Acidic-neutral (<8) Transitional-oxidising Cations
Highly alkaline (>12) Transitional-oxidising Oxyanions
Cd(n*-Zn(i)y*-Mg(l1) Acidic-neutral (<6-8) Transitional-oxidising Cations
Alkaline (8-10) Transitional-oxidising Partial carbonate formation
Highly alkaline (>12) | Transitional-oxidising Oxyanions
Cu(ih* Acidic (<6-8) Transitional-oxidising Cations
Neutral -Alkaline Transitional Metal
Fe(Ily*-Mn(ll) Acidic Transitional-oxidising Cations
Neutral-alkaline Transitional Fe(lih-Mn(ll) oxides and/or
Fe(ll)-Mn(ll) carbonates
Neutral-alkaline Oxidising zone Fe(ll)-Mn(lll) oxides
Ti(H* Acidic-alkaline Transitional Ti(1) cations
Acidic-alkaline Oxidising T oxide
Ca(ll)-Sr(1)-Pb(it)* Strongly acidic (<4) Transitional-oxidising Cations
Acidic-neutral Transitional-oxidising Sulphates
Neutral-alkaline Transitional-oxidising Carbonates
Ba(lh Acidic-alkaline Transitional-oxidising Sulphate

Group 4: Elements forming unstable oxides (reactive under most natural conditions)

Alkali metals Acidic-alkaline Transitional-oxidising Cations
B(IN-P(V)-As(V)-S(V]) Acidic-alkaline Transitional-oxidising Oxyanions
Re(VIl-Mo(VI)-W (V1) Acidic-alkaline Transitional-oxidising Oxyanions

As(lIh-Sb(ill)

Acidic-alkaline

Transitional-oxidising

As(V)-8Sh(V) oxides

*glements form stable sulphide minerals under non-oxidising (reducing) conditions
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Chapter 3

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 gqualitative information
generated through this study, in terms of addressing data gaps and inconsistencies pertaining to the
chemical compositions of ore 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 appilication is subsequently demonstrated for the
case of porphyry-type copper sulphide ores within Chapter 6.
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Appendix 3.1

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 (%)
Uitra basic and basic Major minerals 5i02< 50
igneous rocks: .
Mg and/or iron rich silicate, comprising mainly MgO: 10-50
Dunite, Periodite, olivine’s and pyroxenes: FeO: 5-10
Pyroxenite, Kimberlite, o .
Gabbro, Basalt Fosterite: Mg228i04 Ca0: 10
Fayalite: Fe,SiOq AlLO3: 2-12
Diopside: CaMgSizos NaO +K:0: <10
Enstatite: MgSiOs TiOy: <3
Minor/associated minerals
Magnetite: FeaO4
Chromite: FeCra04
limenite FeTiO3
Apatitie: Cas(PO4)s
Alkaline {(calc-alkaline) Major minerals <50 Si0;< 60
igneous rocks Mainly Ca-rich plagioclase minerals such as AlO3 15-20
Andesite, Diorite, Anorthite: CaAlz8i,0g Ca0 5-15
M it
onzante Stilbite: CaNazK2AlbSi17O1s MgO: <10

Minor/associated minerals
Magnetite: FeaO4
Apatitie: Cas(POu4)s

Nax0 +K20: <5

Acidic igneous rocks

Granite, Rhyolite

Major minerals

Alkali and Al rich silicates:
K and Na -feldspars:
Albite: NaAlSIO3
Orthoclase: KAISizOs
Quartz (Si0y)

Minor/associated minerals
Magnetite: FesO4

Apatitie: Cas(PQO4)s

Zircon: ZrSi0,

Sphene: CaTi(Si0s)

Si0y> 60
Al203:15

Nax0 +K:0: 10
Ca0 <5

MgO <1

FeO< 5
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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: KAISizOg
Muscovite: KAI3SizO40(OH),
Quartz

Minor/associated minerals

Apatite Cag(PO4)a

Monazite CePO,

Cassiterite: SnQ,

Wolframite/Scheelite: (Fe,Mn)WQ,/CaWO,
Molybdenite: MoS,
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Mineral associations of hydrothermal deposits

Appendix 3.1
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Appendix 3.1

Mineral associations of hydrothermal deposits continued. . ..

Elernent Mingral _ Hydmthermal deposit class
= Hypothermial _ Mesothermal | __Epsthermal |
|
Ciuartz {510:) %E
St Adularia (KAISIO;) R —
Topaz (AlSIO(F, Q) e
i FIHEe (et e
(Topaz, apatite} il
W Waoltramite ({Fe. MniWO ) .
SChEE“tE {Cﬁ"."‘ul'll:l;_] E
Ankerite (CaiFe Mg, MniCOs}) e me— e
Calcite (Gais)
, Ca (Mg) Dalamite (CaklgiCO4):)
fscheclite, flucrte)
N Rhodocrosite (RAnCoy)
[ankonto, walramile)
¢ Ba Barite {BaSdy)
=] Apatita (GrsiPOLLF. G OH)) %
B Tourmaline
iMaFeadle (B S04 0H) 4
u Uraninite [UCL) ?“‘E
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Sedimentary depasits and their bulk chemical compositions

Appendix 3.1

comments

Cflen amarphous

and capablo of
adsorbrng ather
rinerals and |
elemearnts

Qlten amarphous
and capable of
adsorhing ather
mirerals and
slements

| Depnosit yoe Mireral compositian Elarment compasition
 Shales Major minerafs Major elemeanis
! Clays [dominant} Al, Si2= K= Na, Ca
| Ctuartz
Cixidos
Carbonates (caleile,
sitorite)
Associaled minerals | Associated elements
Y DEUMm BT
Carbanaceous
material
' Barite (BaSO4)
Limestone Major minerals Major efements
Caleite Ca, Mg
Calomite ;
Associaled minerals | Associated efements |
hMagnetite Fa, Mn
Sandstons Mafjor minerals Major efements
Cuartz Si== K= Na,Ca, Al
Clays
Assorialted minerals | Associaled elemenis
| Calcite " Ti, Zr, B Fe, V, U,
" Ti-minerals Cu, Pb
Jircon
tourmalire
sulzhide minerals
Chert Quanz Si, Fe
Iror oXides
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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
and capable of

Fe Laterites Hematite Fe '
adsorbing other
Goethite minerals and
elements
Aluminium Bauxites Gibbsite Al
Bohemite
Diaspore
Manganese oxides Mn
Evaporites Halite Na, Cl, Ca, K
Sulphates
Dolomite
Phosphates
Soils Clays Al, S, 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
5Mg,SiO, + 2H,0+ 8H" — 2Mgs(OH),Si,05+H,Si0, +4Mg®*
Forsterite Serpentine

4Mg,Si0, + 8H' + CO; — Mga(OH)2(SisO10) + 5SMg?* + 3H,0 + COF&
Forsterite Talc

Fe,Si0, + 4H"— 2Fe® + H,Si0,
Fayalite

2KA|S|303 + QHZO +2H — 2K + AIZSI205(OH)4 + 4H4SlO4
K-feldspar Kaolinite

3KAISI;0g + CO, +13H,0 —2K* + KAISisO10(OH), + 6H,Si0, + COs>
K-feldspar Muscovite

KMg1_5Fe1,5A|Si301o(OH)2 +10H" - K"+ A|3+ + %Mgz+ + %F62+ + 3H4S|O4
Biotite

NaAISi;Og + 4H,0 + 4H™ — Na* + A + 3H,SiO,
Albite

CaAlSi,0g + 8H — Ca®* + 2A1% + 3H,Si0,
Anorthite

Carbonate minerals (6.5 < pH < 10)
CaCO; + H* - Ca®* + HCO;
Calcite

(CaMg)osCO; + H" — 0.5Ca* + 0.5Mg” + HCO;4'
Dolomite

F9003 +H' > F92+ + HCO3’
Siderite

(CaFe)osCO, + H — 0.5Ca®* + 0.5Fe® + HCOy
Ankerite

Oxides
Cal + 2H" & Ca?* + H,0
Lime

Fes04 + 8H' —»Fe®* + 2Fe® + 4H,0
Magnetite

Fe,03 + 6H* — 2Fe* + 3H,0O
Haematite
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Appendix 3.2

Primary weathering reactions continued......

Acid generating reactions

Oxidative dissolution of suiphide minerals
F932 + 3502 + Hgo > F92++ 28042. + 2H*

Pyrite

Carbon dioxide dissolution and dissociation
CO, + Hy0 & HyCO3  H + HCO5 «» 2H' + CO7

Secondary weathering reactions:

Acid hydrolysis (neutralising reactions)

Mgs(OH)4Si,05 + 5H* —3Mg** + 2H,Si0, + OH’
Sermpentine

Mgs(OH)2(SisO10) + 4H,0+ BH* — 3Mg™ + 4H,SiO,
Talc

AlLSiL,Os(OH)s + BH" — 2A1% 4+ 2H,Si0, + OH
Kaolinite

KAL[AISiz010)(OH), + 10H* — K* + 3A** + 3H,Si0O,
Muscovite

Oxidation reactions

2Fe® + 0.50, + 2H' « 2Fe® + H,0

Secondary sedimentation reactions

Sedimentation Reactions

H4Si04 - S!Og + 2 HQO
Cluartz

Fe** +3 H,O — Fe(OH); + 3H*
Fe(lll) hydroxides and oxyhydroxides (goethite, haematite)

APt + 30H — AI(OH),
Al(llT) hydroxides and oxyhydroxides (gibbsite/bohemite)

M?** + OH — M(OH),
Divalent metal hydroxides and oxyhydroxides (Ca, Mn)

M? 4+ CO4> — MCO;4
Divalent metal carbonates (Ca, Mg, Fe, Mn)

M?* + SO,% — MSO,
Divalent metal sulphates (Ca, Ba)
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“...If the dynamics of melallurgical reactors are not understood, sustainability at a bigger scale remains
a myth” Reuter et al, 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 al, 1996; Habashi, 1882; Hayes, 1985; Kelly & Spottiswood, 1982; Mitchell, 2000; Moore, 1990;
Roberts et al, 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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Figure 4.1: Generalised flowsheet for the primary processing of mineral resources

Despite the complex and vared nature of primary resource oxtraction and beneficiation processos and
refated inputoutput streams, the solid wasles arsing from the mining and primary bencficiation ol
mineral rosources can be grouped into a number of genaric waste types or classes. with sach class or
lype of waste baing linked to specific processing stages andior associated technologles, typical of the
industry (see Figure 4.2).
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Figure 4.2: Typical mining and beneficiation flowsheet for the primary metal resource Industry

According to average industry figures reported by Warhurst {2000), 42% of the total mined material is
typically rejected in the farm of waste rock during mining; a further 52% s discarded in the farm of
tailings during concentration of the run-of-mine are; whilst metallurgical extraction typically resudts in the
rejection of an additional 4% in the farm of varous solid waste types (furnace slags, flue dusts, leach
residues andior effluent and wastewater treatment sludges). Whilst the share of the ore recovered as
produst will wary with grade, on average the valuable components typically aceount for enly 2% of the
ariginal mined tennage.

Due to taeir relevance in terms of technical and economic criteria, such as product guality and
operational throughput, the distribution bekaviour of the targeted metal and major ore components
during extraction and subsequent beneliciation s generally fairly well understood, and indeed in the
process of being normed inte metal accaunting systems (see current studies by Deglon & Chakraborty,
2006). Data gaps and incensistencies pertaining te these are companents can, far the most part, be
adeguately addressed on the bass of meanngiul generalisations and simple mass balance
calculations. In gontrast, the reaction mecnanisms and parametess contzolling the distribution of miner
and trace elements during processing are generally less well undesstood. Addressing data gaps and
deficiencies in terms of these ore components will trus require raliable predictions of tacir distributions,
based on a fundamental understanding of their chemical behaviour within reacter units. It s tais
understanding that this chapter of the thesis aims to address, by means of a fundamental assessment
of the relationship between processing technologies, partisularly in terms of the reactor vanabes and
pparating parametars, and the charactenstios of the waste for each of the various processing stages in
tha ore-to-metal value ehain {Sections 4.1- 4.3}
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Figure 4.3 illustrates how tha fundamental information and knowledge can be reconciled with availble
empirical data 1o ultimately gonerate a comprehensive inventary of process oulputs as a function of
feed ore characlerstics and processing options.
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Figure 4.3: Generic procedural framework for predicting the chemical characteristics of ore deposits and

beneficiation streams

Guidelines for the sclection and application of the actual scientific technigues and rmethods for
pradicting element dstribution and concentration data are provided within Chaptor 5 of the thesis.
Fractical application in the case of the early beneficiation {oxtraction + congentration — smelting] of
typical parphyry-type capper sulphide ores is demonstrated in Chapters 7 and 8.

4.1 Mining operations

Mining, or the process of raw ore extraction, forms the first processing stage in the commercial
exploitation of all primary mineral resources. and cah ke defined as the act of separating -he valuabile
mineral-Bearng ore Gody fiom the host rock theough physical extraction and crushing, =1 broad 1erms
there are three types of mining (mining technologes), viz. swerface mining {including open pil, open cast,

strip and alluvial mining), underground miriag ard selution mining. Salution mining, which involves
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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-of-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 ore mass ratios of aimost 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/for
sulphides of the major elements.

4.2 Concentration of ROM ores

In some cases the run-of-mine ore 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 defined as
the separation of mineral phases by physical means (i.e. through the use of processes that do not result
in chemical changes to the mineral component of the ore). The primary objective of 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 ore, 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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Figure 4.4: Hypothetical flowsheet of the concentration processing stage

4.2.1 Milling operations

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 («<<1mm) 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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Table 4.1: Concentration methodetogies and technologies as a function of solid-solid separation critaria

Separation criteria Method type Common separator
technologies

Size only Classification Sereons, liguid 2yclanes;

hyd-oclassityers, centrifuges

Density only Hexawy medium separation
éIZI; a-nu:l_dem.ait}r . . Gravity separation " Jigs; shaking tables: s.s;;-:riralé_
Magnetic susceptibility Magnetis separation Dry sepasalass: wol a
soparatons
Elzelric conduativity Eloctraostatic separ.a;t.nn _ - ) |
| .S;_-Jrfau.:e;_er.'ni.:.atry Flatation ! Froth flolation
[ r T T T
Classification . 77 ~ Scresning
I Liguid cysldhes 7 ‘:; i
I Hydro separators & classifisrs : i
Centrituges ': i i
Heavy mediumi separation 1 7 : I
Gravity separa:ticn i | digs |
:ﬁ Wl fables & s.pirals i
Magnetic separjatiun | : Ory Separatpr; | ;
I Wat sapara;ors | 1 IE
Elet:trnsltati{: seé:ara'tion | ’ / l E
; ‘ F:i‘n'th_'f_l;-tatiun E
0.001 .01 . DI.1 1 1ID 1.D:I_;]
Faricle Size (mmj

Figura 4.5: Parlicle size range fot various concentration methodologies & technologies (Hayes, 1985
Roberts ot al, 1571}

Berause of the complexities of the ore mineralogy, no mineral separation arocess s fuly effective in
separating all foed particles into the desited oroducts, even if they have been fully liberated by

comminution ahoad of separation. Whilst the efficiencies (in terms of recovery of the targeted

faie]




Chapter 4

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 mineral 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 ore. 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 ore
(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 (0.01-1mm), such as those produced during concentration, and typically reduces
the water content to between 55 and 65%.

The most commonly used filiration 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 with 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.

L.eaching and liguid-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:

e hydrolysis, which is largely influenced by pH; and/or

¢ complexation, which is mainly influsnced by the nature of the complexing ions or leach reagents;
and/or

e  oxidation, which is influenced by Eh (redox potential); and/or
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s precipitation, which is controlled by pH and, to some extent complexing ions /lixiviants.

Feed ore/concentrate

Water/ l
reagents Leaching ' . .
sl o oy Leach residue (VAT leaching)

« heap/dump
1 Impure pregnant

Spent ore (heap/dump leaching)

liguor

Solution purification 3 Effluent liquor (rafﬁnate}

« ion exchange
« solvent extraction
« carbon adsorption

Reagents
S

Pure pregnant Slimes/ Sludges
liquor
Metal recovery
R ¢ precipitation Effluent liquor
eag,egi’ crystallisation — (barren or spent liquor)

cementation
chemical reduction
electrowinning

)

Metal product

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 technigues, mainly filtration (see previous sub-section), prior
to further processing®.

®Where 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 poliution 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 liguors 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 handile,
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, requiri‘ng 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

v Furnace residues
Reac P = Flue dusts
Reagents » Thermal e
9 ‘ processing Slags

% Furnace off-gases
Impure metal/metal anoyl

y v

yx:;ee%s Metal ‘ Sales
e refining (feed to other
commodity value chain)

b g

Slimes/  Effluent Pure metal
sludges liquor /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 (600°C-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 technigues 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 (>1100°C, and up to 5000°C 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:

e oxidation/reduction reactions, which are largely dependent on the Eh conditions as controlled
through the addition of organic reductants or oxidants such as oxygen.

e volatilisation, which is dependent on the partial pressures of the stable forms of the elements at the
smelting temperatures

e 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 SiQO; 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. Matie smelting is carried out
in the presence of oxygen (or air) and a silica flux, to produce a sulphide matte phase containing the
maijority 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 (CaQ, MgO) and amphoteric oxides (Al,O;, Fe,03) 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 solids, 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, particularly 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 imporiant 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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unit operations and related operating parameters

Waste type

Generic characteristics

Process related factors
influencing element distribution

Waste rock or

Mining/Ore extraction

Crushed porous rocks comprised of gangue

Ore characteristics

overburden minerals as major componentis.
Conceniration
Tailings Finely ground (typically < 1mm) and wet (typically | Classification: grain size; Gravity

55-65% moisture}. Comprised mainly of gangue
minerals (including host rock and sub-economic
ore-bearing minerals)

separation: density and size;
Heavy medium separation:
density; Magnetic separation:
magnelic susceptibility;
Electrostatic separation: electric
conductivity; Froth flotation:
surface chemistry (wetability)

Vat leach residues

Hydrometallurgical extraction

Finely divided & wet (typically 10-20% moisture)

Heap/dump leach
residues

Crushed ore similar in composition to feed ore,
with traces of residual leach reagent

Effluent treatment
residues

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

Metal recovery
slimes/ sludges

Semi-gelatinous colloids of suspended material,
normally with high metal/metalloid content.
Relatively small volume, but high metal/metalloid
content

Mobility of elements under
leaching conditions, particularly
pH, Eh and nature of the leachant

Smelter slags

Pyrometailurgical extraction

Large particles of glassy material, comprised
mainly of oxides and silicates of major elements
(Ca, Mg, Al, Fe), with isomorphic trace-minor
metals. Physical characteristics such as particle
size & porosity dependent on cooling methods

Stable element forms and related
viscosities as a function of
smelting conditions, particularly
temperature, redox conditions and
additives (fluxes etc)

Smelter flue dusts

Fine particles (0.5 -10um). Generally comprised
of significant quantities of oxidized slag and feed
ore, with fine {< 1 ym} 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

Stable element forms and related
volatility’s as a function of
smelting conditions, particular
temperature and redox conditions

Metal refining
effluent treatment
residues & slimes

As for hydrometallurgical effluent treatment
residues

As for hydrometallurgical effluent
treatment residues
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“The cornerstone in environmental assessment procedures is modeliing 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 constituenis in terms of environmental significance.

As demonstrated in Figure 5.1, these tasks can be broken down further into a numbér 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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examples by way of demenstration. As such this chapter providas the basis for the case studies in
Chapters 6 1o 8, in which the methodelonical tasks and associated technical slements are applied to
de-ive data peraining 10 clemaent distribution behavieurs, nput-output strearn compaositions and
environmernally significant waste cha-actenstics for selectad processes and operations associated with
primary soppes metal production,

Task 1 Technical elements
Reoviow and assessment of the system under * Flawshast canstructicr
considaration » Cotlaction of eystarm-re'ated daa
S = ard informiaticn

Chulpets
 Syster: flowshests

* Dacabase of aveilable process inputs end outputs
® Fiey cperating peramelers tor unit processes

/_ Testnlgal elamenis \

v « Collation ot fundamertel d85a and
£ h T intun‘ngtiun
Task 2 = Amalys’s & inlemretaticon of
Theoratical assessment of elément distribution - _:;'_”“:‘I! dai‘?f ; -
* - icatior of tundamean
behaviour chemioal pringiples gad elema’t
i et nicity
Cuipuls = Pravlictive therrxynamic

Predizied diztributicn lacicrs for groups of
gesocigied elements ard their forms

\\_ rieidating _,/

h 4
Technical slements
i Task 3 i - = Qualitative data anaiysis
Rogonciliation of theosetical predictions and empirical T e e
data

Culpuis
Comprehensive liss ot guantiative physic-chamicadl
composs fiors gndior elemen? distribnation factars
Across mlevart Une grocessas

Figure 5.1: Generalised methodalogical framewark for predleting data and nformation pertaining to

element distributions, praocess inventaries and sohid waste characteristics

5.1 Task 1: Review and assessment of the system under
consideration

An analysis of the gystem under consideration is the first step in the proposad methodslogy, and
perhaps aiso the mest imperant. In particular, such an analysis sevves to

s defne ine systerr boundaries, as wel ag the Lnit processes and key parameters involved;
« characterise the relationship between process inputs and outputs;
« make existing mfermation meoe accessible and comparable;

= identify cLorent data gaps and deficiencies in terms of both avallability and gquality

100



Chapter 5

This task essentially entails two techrical compenents. [n the first instance the system s "mapped” by
means of a flowshea! which idertifies all relevant processes and arranges them in relation to one
dnother. This flowsheet serves as a practical aid to the second technical element e, collection of all

available and relevart data and information pertaining ta the identified processes.

5.1.1 Flowsheet construction

The starfing point for the construction of a Bowshest is to establish the system boundary encompassing
all materal flows and main processes of relevance to the specific study, On the basis of the
Hrderstanding gained from the reviews in Chapters 2 to 4, the system boundary of relevance 1o this
stuchy (e, for predicting the key environmental charagterstics of solid mireral wastes on the basis of
their origing and source) will encompass ore formation; ore extraction and beneliciation: disposal of
final solid wastes, ard |eachate generation as the main processing stages. The zolid waste deposit is
thus central to the system boundary, jllustrated in Figure 5.2, with links extending upstream to the
formation of ore deposits (waste origing) and processing thereof (waste source), and downstream to
the lormation of ervironmental emigsions. In this way the corventional “cradle-to-gate” system
boundary Tor describing mireral resource-biased process operations is exiended o include the
formation of ore deposits and the generation of contaminated leachate rom soid waste deposits as
processing stages of key significance in terms of overall environmental performarce,

Ore formation

v

Ore extraction & beneficiation

T

v
Solid waste disposal

-y

Leachate generation

Figure 5.2: Systern boundary for predicting koy cnvironmental characteristies of solid mineral wastos

Further division of the main processes defines the inputs and outpuls across sub-processes or
indwidual operations. which reguire characterisation in terms of mass and comporent [lows,
Discussions in previous chapters have highlighted the complex and varied nature of sach of the mair
processing stages depicted in Figure 5.2, particularly in terms of the wast number of indwidual
operations ard the complex compositions of the associated irgput-output streams, These complexities
are reflected by the hypothetical flowsheet in Figure 5.3, which includes both the relevant processing
plant iin the case of ore extraction, ore benaticiation and waste management) and gecchemical (in the
case of ore formation and leachate generation) unit processes or operations,
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Figure 5.3: Hypothetical flowsheet of unit processes and inventory streams reguiring characterisation

As pointed out by a number of ether investigators (ncluding Basson & Pelrie, 2001; Notten, 2001,

Stewart & Petrie, 2008), it is important that the flowsheets representing such complex sysiems are

structured in 2 manner which not only facilitates predictions of relevant inventary flows, bit which also

limits information reguirements and streamlines the collection thereof, i the flowsheet should be as

simple as poessible but As complex as neceggary. To this end, Stewart & Pelrie (2008 have developed
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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 giobal 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/solid 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 play a key role in the
generation or chemical compositions of waste outputs streams, and can thus be combined with the
relevant downstream solid-solid separation unit’.

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 referred to as

“reactor efficiencies” or “conversion factors” (see discussions by Reuter, 1998 ; Stewart and
Petrie, 20086).

s« measures of the key operating parameters governing such (temperature, pH, reagents, redox
potential (Eh), oxygen partial pressure, eic)

" 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 reguirements and their mer-relationships are represantad by the denaric unit
oparation in Figure 5.4

Uril feed stroam
l M‘_-_;-._;.;.: 1:;i_rrn_:-.l

Unit aperation (u}
Reagents’ M. P. D,

water

Wliaste: Cioaan  Unitwasta
* output
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LInit product output

mhere:

C concentration of species |
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Figure 5.4: Generic unit process within a flowsheet (modified from Stewart et al, 2003a)

Stewart & Petrie (2006} have applied these Information ypes in the development of LCIs {Lile Cycle
Invantories) for primary processes across entire mineral sectors. In its current form, however, these
nveniorias, and the process flowsheet models that underpin tharm, generally anly consider the route of
the tarpeted metal and major componants, or groups thareof, from the ore through to products and
wasies for industry seciors [consistent with the corventional "cradle-to-gate” sysiem boundary).
Expansion of the flowshest to facilitate assessment of the potential water and lard-related impacts
assoniated with mineral resource-based procoss operations on a project level has already bech
discussad in the previous section. In accordance with the review in Chapier 2,_ gxpansion is also
=quirad in terms of current LCHype databases so as to include both the total concentrafions and
speciaton {or form) of individual trace metals and salt-forming constituents within the relevant input-
output streams, It s alse imporiant io ensure thai thase inventory databases arc as detailed and
disang egated as possible. This will aid transparency and increase the accuracy and cerainty of the
subscguent environmental assessment tasks,

There are sevaral potential information sourccs for supporting collection of available data in line with

the above-mentioned requirements, Stewart & Peirie (2006) provide a comprehensive list of information
sources used in developing first o-der LCls for the minerals industry sectors, whick 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
aiready 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
e deportment during ore extraction and beneficiation

= availability for release from solid wastes in a disposal scenario

In line with the first-order® 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:

o  Collection of data and information pertaining to the fundamental properties of the elements and
their compounds.

® 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.

o 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

Agueous systems including: Relative solubilities or mobilities of the stable
forms of the elements, as governed by primary
dissolution and secondary attenuation reaction
mechanisms and influenced largely by the pH, Eh

s  Weathering of primary ore deposits and
formation of sedimentary deposits

 Hydrometallurgical extraction and metal and concentrations of the major complexing ions
refining operations during ore beneficiation in the leach solution or pore waters.

¢ Waeathering of final wastes in a disposal
scenario

Thermal systems including: Relative ionic radii and thermal properties of the

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

« Primary deposition of magmatic ore deposits

ore beneficiation conditions (reducing or oxidising), and the nature
of the reagent inputs (fluxes, reductants and/or
oxidants)
Solid-solid separation systerns including: The stable forms of the elements and their

«  Ore extraction or minin relevant fundamental properties, e.g. magnetic
g 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 (i.e.
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 Examples of sources
Thermodynamic constants: Reference books:
e.g. Ky, Kgp, AGE, AHY 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:

MINTEQAZ2 (Allison et al, 1990 and US EPA CREAM,
2005), OLI (OLI Systems inc, 1991); PHREEQE
(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 (1682)

pressure, density, magnetic susceptibility,
thermal conductivity

Periodic element properties Cotton & Wilkinson (1962); Kneen et al (1972)

e.g. ionic and atomic radii,
electronegativities, ionization energies,
electron affinities

Average crustal abundance 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 sither 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 al, 2002; Dang et al, 2001; Dold, 2003; Dold & Fontbote, 2001;
Guirco et al, 2000; Hansen, 2004; Leinz et al, 2000; Mitchell et al, 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” SCE 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 SCE test

results

Fraction

Potential mode of element
occurrence

Potential mechanism and
parameters controlling element
mobility

Water soluble

Present as highly reactive and
liberated salts

Mobility will be instantaneous or
rapid and will be dependent only on
the concentration in this fraction

Exchangeable components

Weakly adsorbed onto clay
minerals, iron and magnesium
oxides/hydroxides, organic matter
and other colloids.

The mobilisation of exchangeable
components from solid will most
likely occur as a result of rapid ion-
exchange reactions, and will be
dependent on the soluble salt
concentrations and pH

Carbonate bound and/or specifically
adsorbed components

Present as or occluded in
carbonates and/or chemically
adsorbed onto surfaces of simple
and complex oxides of iron,
manganese and aluminium
compounds (simple and complex
oxides).

Mobility is likely to be controlled by
the rate and extent of carbonate and
oxide dissolution/precipitation or by
surface adsorption reactions, and
will be dependent on pH.

Fe/Mn oxide bound

Present as or occluded in
manganese and iron oxides

Mobility is likely to be controlled by

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
organic matter and/or sulphide
minerals

Mobility will be governed by the rate
of organic matter/suiphide mineral
oxidation, which will be largely
controlled by oxygen diffusion

Residual

Present as or occluded in stable
primary mineral phases

Element phases are likely to either
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 SCE test results, have been developed
by Galan et al (2003) and Hansen (2004). Despite the wealth of information that can be derived from
SCE tests, there is currently uncertainty regarding the accuracy of the guantitative results, and unless
verified by other characterisation tests, the results of the SCE tests should be considered as only semi-
quantitative estimates of metal partitioning.

« Standard laboratory-scale leach tests

Whilst the SCE 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:

e all chemical reactions are sufficiently accelerated such that equilibrium or near equilibrium is
achieved between the waste and the leachant during the test period.

e the test conditions, particularly with respect to liquor compositions (in terms of major ions, pH and
Eh) and L/S 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 equilibriumn speciation models or aqueous geochemical
models) for aqueous systems include MINTEQAZ version 3.0 (Allison et al, 1990) and version 4.0 (US
EPA CREAM, 2005); OLI (OL! Systems Inc, 1991); PHREEQE (Parkhurst, 1995); WATEQF4 (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 play a 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 o 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 al, 1996; Blowes et al, 1998; Brookins, 1988; Carlsson et al, 2003; McGregor & Blowes,
2002; Moncur et al, 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-H,O 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 (FegOg(OH)s(S04)2), which is not included in either the standard HSC or
Visual MINTEQAZ2 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-5-Fe-H,0 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
MINTEQAZ2 version 4.0 model (US EPA CREAM, 2005), to generate detailed K-8-Fe-H,0 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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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 al, 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 o 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 1o 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-cutput stream and performance data values is
consistent with the extremely variable nature of natural ore deposits and mineral-based 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 10 8.
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Box 5.2: Quantitative predictions of Cd and Zn deportment during matte
smelling of a copper sulphide concentrate: Reconciliation

summary of available empirical and predicted gualitative deportrment results
{after Biswas & Davenpart, 1994, Hoh et al, 1983, Rivercs & Utgard, 2003)

: Moderately oxidising conditions Strengly oxidising conditions

Cd Zn Cd : Zn

Yapour phase , Extensive Moderate High Fartial-modarate

. hia 40 &4 23

iatte phasze Fartial Partial Partial Partial
na 15 17 11

nfa 45 18 66

Whera:

« maderately oxidising conditions are assumed to carrespend 1o a 55% Cu matte grade

| »strongly oxidising conditions are assumed to correspond to a 75% Cu matte grade
" equalitative deportment data is derivad from the exercise presented within in Box 5.2
= guantitative data {in bold) is accessed fraom the literalure (see Tahble 8.1 in Chapter &)

« Nia denctes not availabla

Stap 1: Ratienalisation and interpretation af the available empirical
data on the basis of the outcomes of task 2 (sea Box 5.2)

i «The increase and decrease in the department of Zn ta the slag and vapour phasas

« The deportment of Zn to the slag phase under moderately axidising conditions is :
consistent with the relatively high atfinity of Zn tor exygen (in comparisen to Cu, :
resulting in fairly extensive conversions of the sulphide ta the oxide under most smelting
conditions

respactively as the conditions within the smelter become mare oxidising can be
altributad to a corresponding increase in the conversion ot ZnS to Znld,

+ Tha higher deportment of Cd to the vapar phase and lower department to the slag
phase ralative to Zn under highly exidising condition is censistent with the higher
stability and wvolatility of the =ulphide compound relative to that of Zn

Stap 2: Quantitative astimation of the extent of Cd department under
modarately axidising conditions

Ceportment of Cd to the vapour phaee is predicted to he higher than that cecuring undar
highly oxidising conditions, and higher than that for Zn, viz appreximately = 65%

Deportrment of Cd to the matte phase is expected to be only partial, and similar to or slightly
lower than thal occurring under highly cxidising conditions, viz approximately 10-203%

Cepartment of Cd to the slag is expected to e lowar than that cccurring under highly
axidising conditions, and lower than that far Zn, viz <10%




“The modermn-day approach to the problem also calls for substantial supplements to the traditional
description of mineral reserves from a purely geological or process viewpoint” Rubenstsin and Barsky
(2002) on the problems of mineral resources development.

118



6

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 ore 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 al, 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 procéssing routes. In
particular, in many cases optimum economic recovery of copper from an ore 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 §.1; Mining and beneficiation of copper sulphide ore deposits (Biswas & Davenpart, 1984}

Althaugh a number of hydrometallurgical 2nd bichydrometallurgical processes have baen developed for
the treatmert of copper sulphide sonoentratas on a laboralory andior Cilol scale, comrmercial
metaliurgical exlraction of copper fram suiphide concentrates is aimast exclusively conducted by
pyromelallurgicai means, The pyrometallurgical processing of copper sulphide concentrates entails
gmelling with 2 silicequs Jivx to produce a sulphide matte rich in copper, foilowed By subsequent
convarsion af the matie o a crude maolten metallic biister copper cantaining 98 to 22 % copper. The
blister copper is typically firg-refined in an anode furnace, cast inta anades and subjected to electralytic
refining to produce a high punty copper cathode, containing less than 20 ppm impurties. The
conventional mining — concenlration — pyrometallurgical extraclion — refining pracess -oute for
primary capper produclion is demohstrated dizgrammalically in Figure 6.2,

Apart from copper. the conventional pyrometallurgical pragessing raute frequeniiy recovers a number of
other go-slemenis a5 by-products, including sulphuric acid. arsenic, selenium, tellurium, the precious
metals, molybdenum, lead, zinc and nicksl [Ayres, 2002; Biswas & Davenport, 1994; Ripley et al, 1996,
In particular, the majorily of the waorid's supply of arsenic, selanium and teliuridrm are almost antirgly
produced as by-producls of the pyrometallurgica] pracessing of copper sulphide concentrates (Ripley £t
ai, 1936}, Although the majority of the by-praduct recavery is fram anode slimes and electroiyte bleed
streams emitted fram the refining aperatians, recovery of by-products from pyrometadiurgical autputs

such as turnaces fiie dusts and acid plant blow down 15 becaming increasingly common,

120



Chapter 6

Sulonide org
hnimg &
conconlral on Ora axtraction —— Vigsta
: FOLK
Fun-of-nino
Ore
r FII .
m— p Flatation
Wi li=geTlnlal on tailings
Concatirata
¥
Py romelallurgicsl p Smolter
axtraction Srhaing iz
Slag Emaller
Smiator I s it
leamin » }
o Cleaning chacand siag
= e ——
matto
¥ o Canoitar
Corverling dhusit
o Slan
Convattor Clesining
slag - —® Donverter
e ' discard siag
Dligtar
3 conuer
Felimnag
Anotle casting
Canuer
A
5 e ANOME SiiaE
Elggiroratining . Elcctrolio
blepd
¥
Capplar mgtal product

Figure 6.2; Conventional process flowsheet for primary copper production

A comgrahensive survay of tha published Maratura, as wall as discussions with certain industrial
organisations, has however indigated that available data and infarmation on the deportment of minor
and trage elements is extremaly limited, particulary in the case of *sarly’ beneficiation stream:s {rurn-of-
mine cra, waste rack and concantration tailings), and the List of well-known co-elements by no means
completa. Evan in the cases where reported data ig relatively extansive, this 18 extremely diverse, with &
large range of values being reported. These resuls, as summarnsed in Appendix 6.1, are consistan!
with the findings of other researchers such as Ayres et al [2002]) and Slewarl (2001 )= 16, currenthy
available data portaining o primary medal grocessas s incemplate, incensistent and very uneven {see
discussions in Soctian 1.1, Chapter 13 It is some of these data gags and inconsistencies that the case
studies in Chaplars 6 10 8 will be attemating to addrass, through the agplicaton of the generalised
methadology developed within the preceding chapters,
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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 8.1). 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, play a 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
gualitative 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, Al, Fe, Ca, K,
Na, Mg). Further information pertaining to generic hydrothermal deposits is presented in Appendix 3.1
of Chapter 3. Chalcopyrite (CuFeS,) 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
(CusFe8,), and, to a lesser extent, enargite (CusAsS,), native copper, terahedrite ((CuFe)2Sb,S.3), and
tennantite ((CuFe)As,S:3). 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 (Cu,S ) and covellite (CuS), and
copper oxides such as cuprite {Cu,O) and tenorite (CuQ), are the most common secondary copper
minerals occurring in supergene zones. Secondary carbonates (malachite, Cu(OH),.CuCO,, and
azurite, Cu(OH),.2CuCOs); hydroxy-silicates (chrysocolla, CuSiO3.2H,0) and sulphates (antlerite,
CuS0,.2Cu{OH),; and brachanite CuS0,.3Cu{OH),) 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 (FeS,), 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 al, 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-glements 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 al, 2003; du Bray, 1996; Duda
& Reijl, 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 properiies 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).

-~ 100000
g_ increasing content
2 10000 - of pyrite and/or
» base metals
S 1000 -
E
3 100 -
2
@ 10
2
k)
E 1 'O ] Increasing content of ‘}
(] pyrite and/or base matals; Yoo ¢
L O, 1 ~1 decreasing acid-neutralising
capacity
0.01 . f , . ,
-2 0 2 4 6 8 10

pH

A: Silicate hosted massive deposits: massive volcanogenic

B: Silicate hosted/carbonate poor disseminated deposits: porphyry deposits

C: Silicate hosted/carbonate poor disseminated deposits: pyrite rich skarns and
igneous rock displacement deposits

D: Silicate hosted/carbonate rich disseminated deposits: conventional skarns

E: Carbonate hosted/silicate poor disseminated deposits: carbonate-rich skarns;

carbonate displacement deposits; carbonatite hosted magmatic deposits

F: Carbonate hosted/silicate poor disseminated pyrite-poor sulphides: Pyrite poor

sedimentary-hosted deposits

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 i.e. 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 ¥ 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 fo
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 al, 2002). The
emergence and optimisation of dump leaching technigues in recent years has resulted in profitable
recovery of copper from material with grades as low as 0.15-0.2% (Ayres et al, 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-of-mine
or ROM ore and typically contains between 0.5 and 2% copper, with average values of 0.63-0.65%
(Ayres et al, 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 10um and 100um (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 for the majority (>87%) of the
run-of-mine (ROM) ore, with an average ratio of tailings/copper concentrate of 37/ {Ayres et al, 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 B.4: Simple flowsheet for the concentration of copper sulphide ore deposits

Apart from the mejority of the gangue (=898%) and pyrite (90-95%), milling and fiotation will alsa ~esultin
al least partial deportment of copper minerals 1o the tailings (5-15%), together with other trace to minor
ore campanents (Ayres &t al, 2002; Gordon, 2002}, According to Avres ot al {2002) and Gordon (2002),
copper sulphide ore tailings typically cantain between 0.05 and 0.15% copper.

Although Ayres et al [2002) has reported that the deportment of heavy melals duting milling and
fliotation iz similar to tha! of copper {5-15%), deportrment wvelues reported by other researchers
{Bulatovic, 1997; Petruk & Schnarr, 1881, Wills, 1397) indicate depariment to tzilings for Ph, As, Ag and
Au of betwean 12 and 30%. Availatile data on the deporimeant ol run-af-mine are componants during
milling and flotation is presented it Table 6.1

The summary in Appendix 6.1 indicales that the deporiment of ore components during flotation of
copper sulphide gres can give rse to concentrates with a2 wide range of chemicel and minerelogicel
compositions, Mevertheless, according to Ayres et al (2002} and Gordon {20021, copper sulphidé
concentrates will Yypically contain 23-27% Cu, 29-31% Fe and 306-32% 5 as the major componants.
Sulphuricopper mass ratios are generally in the order of 1241 with sulphur ccourring in the form of both
copper sulphide (predaminantly chaleapyrite, bormite and chaleaate) and iron sulphide [predominantly
pyrite) minerals (Ayres et al, 2002). The remaining 10-16% of the concentrate is typically comprized of
lithaphilic gangue elements and other trace o moderately ebundant sulphides [Ayres et al, 2002).
Available ~esults indicate, furthermaore, that the sulphide ore minerals {including phases af chalcophilic
and siderophilic elernents) can typically vary between 2 and 8 pa-cent, with the Ithophilic gangue
component being cormprised mainly of silicate and, to a lesser extent, cerbonate (£ 4% minarals,
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Table 6.1: Distribution of sulphide ore components during milling and cencentration
(after Ayres et al. 2002; Benzaazoua el al, 2002; Bulatovic, 1987; Bulatovie et al , 1998; Dreisinger, 2003;
Gordon, 2002; Mwale, 2005; Petruk & Schnarr, 1981; Wills, 1987}

Ore component Distribution (%)
Tailings Concenirate

Major sulphide gre components [
Gopper 5-15 a5-ah
[ran ¥7-8h 15-23
Copper sulphide mincrals (manly chalcopyrite) 14 g0
Iran sulphide mincrals fmainly pyrited 95 b
Minor to trace sulphide ore componenis
Arsonic 26 TE
CEald 12-28 i 72-88
Lead 21 f9
Silver : 25 Th
Malybdan.am 35-B5 35-65
General heavy metals 10-13 £5-99
Lithophilic gangue companenis i tig 2
Total J 05 8-951 0.9-41

6.2 Theoretical assessment of element deportment during copper

sulphide ore formation and concentration: Task 2

The second task in the proposed predictive methodology (see Figure 5.1 ot Chapter 5) entails a
theoretical assassment of the poléential element distribution behaviours and associations, in accerdance
with the: fundamaental criteria developed in Chapters 3 (for ore formation) and Chapter 4 {for ore

beneficiation) of the thasis.

6.2.1 Element distributions and associations during formation of copper sulphide ore

deposils.

A5 discussed in Chapter 3, the distribution and chomical form ot the alemaents within mineral deposits
tincluding ores and host rocks) 15 controlled by their physio-chemical praperties and behaviour during
naturally occurring goeochemical and geological activities, with certain elerments  having  similar
prapertics and hance exhibiting similar behavioural trends under a specific set of conditons, The
studies conductad in Chapter 3 have, furthermeara, indicated that the distribution and forms of elements
in primary magmatic depasits sUsh as hydrotharmal copper sulphide ore deposits ara mainly influenced
by the relative affinitics of the elements tor hard “oxide-type” or soft "sulphide-type™ ligands; thair ionic
radil relative to major rock-forming minerals, and the thermal propertics of thoir stable torms, Cn the
basis of these considerations, paragenctic elemaents aocurring within copper sulphide ore depasits have
bieen sub-divided into three main groups or classes:
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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 suiphide 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 (FeS,), 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 (i.e. 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 (8b, Bi, Ag, Tl 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 (i.e. polymetallic nature of the ore), as well as the thermal stability of
their dominant forms. Indium (In), thallium (T1) and, in particular, mercury (Hg), only form stable
solid phases at relatively low temperatures (i.e. 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

Base metal sulphide

Reported associations

(after Ayres et al, 2002;
Benzaazoua et al 2002; Cox,
1995; Hayes, 1985; Ripley et

al, 1996; Rubenstein &
Barsky, 2002; Seal & Foley,

2002).

Predicted associations

On the basis of
similarities in ionic
radi

On the basis of
similarities in
crystallisation
temperatures

Sphalerite (ZnS)

Cd (0.5-1), In (1%), Ga (<0.1),
Ti (up to 40 ppm), Ge (<0.3),
Ag, Cu (0.26%), Se, Pb

Fe(ll), Ni(l1), Coll),
Cu(ll), As(ill), In
(1), Mo(IV)-Re(IV)

As, Au, Fe, Cu, Pb, Ag,
Bi, Se Te. .

Galena (PbS) Cd, 71, Se, Te, Bi, Ag, Sb, Bichi), Ha(lh), Ag(l), | As, Au, Fe, Cu, Zn, Ag,
Mn, Zn Au(l) Bi, Se, Te
Chalcopyrite (CuFeS3) Cd, In (1%), Se, Te, Re, Pd, Fe(ll), Nigll) - Fe, Pb, Zn, Au, Ag, As,
Pt, P, Ir, Ru, Os, Bi, Mo, As, Co(ll), Zn(il), Bi, Mo, Se, Te
Co. Ge, Ga, Sn, Pb, Zn, T, As(lin, In (1),

Ag, Au

Mo(1V)-Re(1V)

Pyrite (FeSy)

As (up 1o 7%), Hg, Se, T, Cu,
Pb (up to 0.6%), Co (up to
3%), Ni(up to 9.6%), Cd , Zn

Cu(lly, Nill)-
Co(ll), Zn(ll),
As(I1l), In (1),

Pb, Zn, Cu, Au, Ag, As,
Bi, Mo, &b, Hg, Se, Te.

Mo(IV)-Re(IV)

Where elements in italics correspond to those which are generally considered to be commonly occurring co-
elements

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 8i, Al, 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 A 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(lV) 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 guantities.
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3. Major host rock-forming and magmaltic 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, Al 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 agueous 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 of the
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-of-mine ore can thus be divided into the following main groups:

s Copper sulphide ore minerals (mainly chalcopyrite, and, to lesser extent bornite and chalcocite)

s lron sulphide ore minerals (mainly pyrite)

»  Minor to trace sulphide ore minerals, comprising the chalcophilic and siderophilic co-elements

s Silicate (mainly K-Al 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 discussed in Chapter 4, the distribution behaviour of the targeted metal 2nd major org components
is generally fairly weall understood, and data gaps and inconsistencies pertaining to the main mineral
groups and their major element components during mining and concentration of copper sulphide ore
deposits can thus be addressed on the basis of available data and information through the application
of meaningful generalisations and simple mass balance caleulations. In contrast, the distribution
behaviour of many of the trace and minar elements during ore formation and processing is genarally
poorly understood. In accordance with the technical guidelings outlined in Chapter &, the darivation of
distribution and process inventory data perizining to these elements will require reconciliastion of the
uvailable historical empirical data {Section 8.1 with 2 fundamentzl understanding of thair chemical
behaviour during the formation, mining and concentration of the copper sulphide ore deposit (Section
6.2). The genetic protocol presented in Chapter 4 (Figure 4.3) for predicting the chemical
characteristics of org deposits and beneficiation streams has been adapted fo this particular case study

in Figure G.5.
Input dara & knowledge
| lislornzaligingirical data ard Fardarmental understargirg of elamert
4 irforinationr - distripution beraviour
¥
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Predicled concentrations arz distibutions of mair mine:sal aroups and associated elements durirg
salracdion ard beneficiation of Gopper sulphize ore deposits as a ‘unct’on of feasile o
miEreralegy
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o
First-ardar zradictions pertainng to the genass ard composit ons of porphyme-typa copper suphcea
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Figure 6.5 Detailed procedural framework for predicting the chemical characteristics af copper sulphide

ore daposits, flotation tailings and concentrates.
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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-of-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 of
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 (kg/it)

Chalcopyrite 700 550 450 370 200
Bornite 10 80 40 80 80
Chalcocite 10 10 90 80 180
Total copper sulphide minerals 720 640 580 540 460
Pyrite 100 150 200 230 350
Total 820 790 780 770 810
Major gangue minerals (kg/t) 100-160 130-190 140-200 150-210 110-170
Trace-minor sulphide ore minerals (kg/t) 20-80 20-80 20-80 20-80 20-80

Major sulphide ore elements (kg/t)

Copper 258 252 256 266 266
Iron 307 289 276 269 274
Sulphur 318 310 308 306 330
Mass ratios (/)

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 sulphidé ore deposits, as
a function of iron sulphide/copper sulphide mineral ratios in the concentréte, 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 v:’:;:e ROM ore Conc. Tailings V:’;‘jie ROM ore Conc. Tailings Waste rock
Concentrations (%)
Copper sulphide minerals 1.4 46 0.08-0.2 0.1-0.2 19 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 92.0-85.9 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 =9 s1.6 <9 €10 <9 £1.9 £9.2 <97 £96 1.6 £98 <10
Copper 0.78-0.82 26.6 0.08-0.13 0.15-0.2 | 0.74-0.78 252 0.08-0.12 0.15-0.2 | 0.76-0.80 26.0 0.08-0.12 0.15-0.2
tron 4.7-9.2 274 4.2-8.8 0.8-1.5 25-4.4 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 2.3-37 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 85-135 9-14.2 5.3-9.2 0.9-1.6 5.4-94 5.6-9.9
Calcium 54 s0.5 4 5.4.4 42 s0.6 $42 %£6.5 <3 s05 <3 <3
Magnesium 0.6 £ 0.1 0.6 0.7 0.6-1.0 £0.1 0.6-1 0.6-1 0.3-0.6 <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 1-1.6 7-11 7.5-12 4.6-75 0.8-1.3 4.7-7.7 4.9-8.0
Sodium 1-1.6 <0.3 1-1.6 1.1-1.7 1.4-2 0.3 1.4-2.1 1.5-2.2 0.8-1.7 0.3 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 03 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 ore 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 0.85-0.80 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
Fyriteicopper mineral 7-14 0.76 62-130 7-14 2-4 0.23 19-40 24 1-2.5 0.14 7-15 1-25

Total mass ratios:

concentrate/ROM ore: 0.03/1; flotation tailings/ROM ore: 0.97/1; waste rock/ROM ore: 1.8/1
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tailings from miiling and flotation, increases as the mass ratios of pyrite to copper sulphide minerals in
the ore and concentrats 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 sireams 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 &
Moj), all of which may be enriched in copper sulphide ore 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)28b,813) 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 ore 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
¢ Feand$S: 0.59-0.63

« Other chalcophilic and siderophilic slements: 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 ore, 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 1o frace 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 liksly 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, Tl, 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 Relative Elements Enrichment factors'"
natural
abundance
Ore Tailings® | Concentrate®

I: Chalcophiles and siderophiles

Scarce Te-Se 100-1000 { 10-300 3000-34000

| 1A Hypothermal to mesothermal | pinor Cu 100-200 16-25 4500-5000

elements associated mainly
with copper sulphide ores Moderately [ 50-200 20-200 400-600

abundant

Scarce-trace PGMs-Ag-Au, As- | 10-1000 1-300 250-34000 -
IB: Hypothermal to Sb-Bi, Cd, Re-Mo
mesothermal elements ]
associated with copper and/or Minor Zn- Pb 2-20 0.2-6 50-700
other sulphide ores

Major Fe 0.2-2 0.2-2 3-6
IC: Elements occurring mainly
as epithermal, volatile minerals Scarce In-Tl-Hg 2-20 0.2-6 50-700
I Intermediate elemenis
Elements occurring as sulphide | Trace Ge 2-20 0.2-6 50-700
as well as oxides in natural
environments .

Minor Ni-Co 0.1-2 <1 3-70
ili: Lithophilic elements

Trace B-Sn-W 5-100 5-100 0.6-25
IHA: Elements mainly
associated with post-magmatic | Moderately P 0.1-5 0.1-5 0.01-1
hydrothermal deposits abundant
HIB: elements commonly Scarce -minor | 1 &-Nb-REE-Be- 0.1-10 0.1-10 0.01-2
occurring as accessory Hf, Li, Br, |
minerals in acid and pegmatitic | Moderately
type rocks (late magmatic abundant F-Cl, Bb, Zr 0.1-5 0.1-5 0.01-1
deposits)
1C: elements commonly Trace-minor Sc, Ga, U 0.1-5 0.1-5 0.01-1
occurring as accessory
minerals in basic and ultrabasic | Moderately i
rocks abundant Ba-Sr, V-Cr-Ti-Mn 0.1-2 0.1-2 0.01-0.5
1D: major rock-forming Major Si, Al, K-Na, Mg- 0.1-1.2 0.1-1.2 0.01-0.3
lithophilic elements Ca

(1) Relative to average crustal abundance : Scarce elements: £ 1ppm; trace elements: 1< ppm = 10; minor

elements: 10< ppm < 100; moderately abundant elements: 100 < ppm<10 000; 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 5; 0.1-0.3 for other sulphide-associated {chalcophilic and siderophilic) elements
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e 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 | Ore ! Taillings | Concentrate | Element ' Ore ’ Tailings ’ Concentrate
Major ore elements (%)
Cu 0.5-1.0 0.08-0.13 25-30 Si 21-34 21-35 2.5-8
Fe 1-10 0.8-9.5 15-30 Al 4-10 4-10 0.5-2.2
S 2-1 1.0-11 20-30 Mg 0.2-3 0.2-2.6 0.02-0.6
K 0.3-34 0.3-3.5 0.03-0.8
Ca 0.4-4 0.4-4.5 0.05-1.0
Na 0.3-3 0.3-3.2 0.03-0.7
Moderately abundant ore slements (ppm)
Zn 150-1600 15-500 4000-55000 Ti 450-9000 400-8000 50-2000
Pb 30-300 5-100 800-11000 P 100-6000 100-6100 15-1400
As 5-1800 2-550 100-62000 F 60-3000 60-3000 7-680
Mo 15-1500 2-450 400-50000 Mn 100-2000 100-2000 11-450
Bi 2-200 0.2-60 50-7000 B 50-1000 50-1000 5-230
Sb 2-200 0.2-60 50-6840 Ba 40-860 45-880 5-200
Cd 2-200 0.2-60 50-6840 REE 10-850 10-870 1-190
Ni 8-150 1-50 200-5000 Sr 30-800 30-600 3-130
Se 10-100 1-30 300-3000 Rb 10-600 10-600 1-140
Zr 10-500 50-500 1-110
Cl 10-500 50-500 1-110
Vv 15-300 15-300 2-70
Li 5-300 15-300 0.5-70
Sn 15-300 15-300 2-70
Cr 10-200 10-200 1-50
Nb 2-200 10-200 0.1-40
w 5-100 5-100 0.5-20
Minor ore elements (ppm)
Ag 1.0-70 0.1-20 20-2500 Ga 2-80 2-80 0.1-15
Co 2.5-50 0.3-15 70-1700 Sc 1-70 1-70 0.1-15
Ge 2-20 0.5-10 80-1000 Be 0.5-30 1-30 0.2-5
Hf 0.5-25 0.5-30 <0.1-5
Br 0.5-25 0.5-30 <0.1-5
Trace ore elements (ppm)
Tl 0.6-6 0.06-2 15-200 U <1-10 1-10 0.1-2
Pt 0.05-5 0.01-2 1-170 Ta <1-10 0.1-10 0.01-2
Au 0.04-4 0.002-1 1-140 | <1-5 0.05-5 <0.01-1
Pd 0.1-2 0.01-3 3-350
Hg 0.2-1.5 0.02-0.5 5-70
Scarce ore elements (ppm)
Te 0.1-1.0 0.01-0.5 3-30
In 0.1-1 0.01-0.5 3-50
Re 0.01-1 «<0.01-0.5 0.5-30
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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—milling—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 atiributed 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)? and Intellection/CSIRO’s QEMSCAN™ analyser', 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

® Julius Kruttschnitt Mineral Reseach Centre (www.jktech.corn.au)
"% Intellection-CSIRO (www.csiro.au)
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initiatives by the ARC Centre of Excellence in Ore Deposits'' 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 1o 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.

" 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
] 9 5 45.70 e Chalcopyrite: 43-97% of total
Copper suiphide 1520 | 0.080. 5 »  Bornite: up to 39% of total
minerals .
e Chalcocite: up to 17%
fron sulphide i i i . .
minerals 2.5-18 2-18 10-35 Mainly pyrite
o Arsenopyrite: up to 10% of total
Trace to minor e Sphalerites: up to 66% of total
sulphide minerals 0.3-0.8 0.02-0.09 2-8 o Galena: typically 10% of total
s  Molybdenite: typically 8% of total
Total 4-20 2-18 77-82
Lithophilic gangue » Quartz: 35-45%
Silicate gangue s K-Feldspar:20- 25%
i u "
minerals 72-94 82-96 10-20 e Albite:<10%
e Biotite: s10%
e Muscovite and/or chlorite: £10%
Carbonate gangue _ R ) Mainly calcite with lesser amounts of
minerals gang 0.5-7 0.5-7.p 0.1-1.5 dolomite, ankerite and/or siderite
¢ Cassiterite (Sn0O,)
e lron oxides (magnetite and
haematite)
e Timinerals (sphene, ilmenite and
rutile)
o  Apatite (Cas(PO4)s(F, Cl. OH))
Trace to minor * Barite (BaSO,)
gangue minerals 0.5-7 0.5-7.5 0.1-1.5 e Anhydrite (CaSOQ,)
e Fluorite (CaFy)
e Tourmaline
(NaFegA|6(803)SiSO18(0H)4
s Rhodocrosite (MnCQO3)
e Zircon (ZrSiQ,)
e REE minerals (monazite)
Total 80-95 84-98 10-20
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Appendix 6.1: Available data pertaining to input-output streams

Appendix 6.1

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

Copper 1 _8_22(1,11,12.14. 18) 137-471 (1,2,3,4,5,6,11,12, 18) a- 0(1,3,7‘8,11.12.17) . "3.6(10'13)

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 4-800"™ 150-3701"2349) 3-109‘" 3879 7-389%19

Minor ore components

Arsenic 0.02-4.5(1214) 0.15-g0t" 23412) 0.03-4.5!13712 n/a

Lead <0.1-13214 0.14-6,7(12% 0.01-0.9t" 3719 n/a

Molybdenum <0.1-201418) 0-12.7@31® 0.03-0.5%7 n/a

Zinc <0.1-133(11214 0.2-401" 2312 0.02-4.30:371217 | g 4.0 8"

Trace ore componenis

Antimony 0.05-13.1(h 234114 | g 5o 5(1.284.12) 0.07-13.14712 n/a

Bismuth 0.0002-1.5 234114 1 4 03.0.9%9 <0.1® n/a

Boron 0.04-2(1 <0.002-0.1@¥ n/a n/a

Cadmium <0.001-0.2% 0-0.09@¥ <0.1® n/a

Chromium 0.03-11¥ 0.02-0.14%¥ 0.005-0.3%7 n/a

Cobalt 0.02-0.31% 0.02-0.29@¥ 1.49 n/a

Germanium n/a 2.9® n/a n/a

Gold <0.001-0.18%'¥ 0.0002-0.07¢"+ 23419 0.0001-0.0002 'Y | n/a

Indium 0.0005-0.001"" 0.03-0.26%12 0-0.0005%'2 n/a

Manganese <0.05-5("%14 0.05-0.17®% 0.05-147 <3.11%

Mercury <0.001-0.002"% <0.0002-0.24@312) 0.008-0.014%'2 n/a

Nickel <0.0001-0.201+19 0.1@ 0.2% n/a

Palladium n/a 0.00003-0.00005‘"% n/a n/a

Platinum n/a n/a n/a n/a

Phosphorous n/a 0.13-1.01%% 4,79 n/a

Rhenium 0.01-21"® n/a n/a n/a

Selenium 0.005-0.4(1419 1.969 <0.19 n/a

Tellurium <0.005-3"4 <0.005-0.02%% n/a n/a

Thallium <0.001-0.002""% 0.009 n/a n/a

Silver 0.001-0.3012' 0.02-1.3(1:234.12) 0.004-0.01%'? n/a

Tin 0.005-1.80214 <0.003-4.6@%12) <0.1-0.2%1 n/a

Titanium 1-1014 0.12-5@9 0.5-3.6%7 <421

Tungsten <0.1-0.3 0.009 0.29 n/a

Vanadium <0.1-0.719 0.01-0.1@¥ 0.07-0.22%7" n/a

Zirconium 0.1-0.3"% 0.02-0.07%% 0.1% n/a

Major/minor gangue

Aluminium 40-9504 2.5-35 5234 8.2-102%7 77-80.5%

Calcium 0.6-53.3H19 1.4-14(1:2345) 2.5-61(37 20.7-37.8"%

Magnesium 0.2-30" 0.15-12(:349) 2.5-26%7 7.6-12,449

Potassium 1-87(% 0.3-14%3 3.7-56%7) 39-56"%

Silica 210-350"1 8-170!" 2345 180-30219 281-350(1019

Sodium 6-37(4 0.07-13.9%¥ <0.1-13%7 8.2-17"1%

Minorfirace gangue

Barium 0.05-5"¥ <0.04-0.3@ 0.1-187 <5.413

Chloride n/a 0.1® 2.49 n/a

Fluoride n/a 0.1-0.2%® <0.005® n/a

Strontium 0.8(1% 0.01-0.38%Y <«0.1® n/a
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Mining and concentration streams:

Mineral concentrations

Appendix 6.1

Mineral Run-of-mine Concentrates Tailings Waste
ore (%) (%) (%) rock (%)

Major copper sulphide ore minerals
Chalcopyrite:CuFeS; 226" 3-83%9) 0.29-1.192 <0.1-0.8"9
Bornite: CusFeS, n/a 7-10@ n/a a
Chalcocite: CuS n/a 1-46@9 n/a 310
Total 226" 23-84%9 n/a <0.1-0.8"?
Iron suiphide ore minerals
Pyrite: FeSz 4912 3-36%612 1-55712) 3.3-4010
Pyrrhotite: FeS n/a 0-1@ n/a nia
Total 4912 3-36%512 n/a n/a
Other minor sulphide ore minerals
Molybdenite: MoS; n/a 0-2® n/a n/a
Sphalerite: ZnS 1.001"? 0-3.13%12 n/a n/a
Galena: PbS n/a 0-1@ nfa n/a
Enargite: CuaAsS, <1@ n/a n/a
Tetrahedrite: (CuFe)125b4S13 5412 0-2&12 0.03-0.24"® | n/a
Tennanite: (CuFe)AssS13 1.1492 0-3%12) 0.58-0.68"? | n/a
Bismutite: Bi2Ss n/a 0-1@ n/a n/a
Arsenopyrite: FeAsS; n/a <1@ n/a n/a
Stibnite: Sb2Ss n/a <1® n/a n/a
Stannite: CuzFeSnS, 0.672 0-1,7%"® 0.07"? n/a
Acanthite: Ag.S n/a 1@ n/a n/a
Total 3.4412 2-4@ n/a na
Minor non-sulphide ore minerals
Iron oxides (magnetite, goethite) n/a 0-8® n/a n/a
Sphene: CaTiSiOs n/a 0-1@ n/a n/a
limenite: FeTiOs n/a <1® n/a n/a
Wolframite: (Fe,Mn)WO, n/a 0-1® n/a n/a
Electrum: AuAg n/a <1@ n/a n/a
Total n/a 0-8® n/a n/a
Silicate gangue minerals
Quartz: SiO; n/a 10-27%9 n/a 29-68!'%
K-Al-silicates nia 10-22 @9 n/a 4-40"%
Total _ n/a 10-49%9 n/a 72110
Carbonate gangue minerals
Ankerite: Ca(Fe,Mg)(COs)2 n/a <0.5%9 n/a n/a
Calcite: CaCO3 n/a <0.5%9 n/a n/a
Siderite: FeCOs n/a <18 n/a n/a
Dolomite: CaMg(COa)2 n/a 0-229 n/a n/a
Total n/a 0-4%9 0.2-8 <0.1-8%
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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)

o  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 /or gold and silver, forming porphyry Cu-Mo and Cu-Au sub-groups.
Porphyry deposits account for %2 the world’s mine production and 93% of the US mine copper
production, occurring in South America to Canada, and the Pacific islands.

s 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 < 1g/t 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.

e 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.

o 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.

e 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 minerais 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 & Singer, 2003; Cox et al 2003; du Bray, 1996; Seal & Foley, 2002)

Appendix 6.2

Deposit Class Porphyry Skarns. 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.
Minor ore Electrum, galena, Bismutite, cobaltite, Acanthite, Galena, sphalerite, Arsenopyrite, galena, | Teliuride’s, Niccolite, monazite,
minerals sphalerite, electrum, enargite, arsenopyrite, stannite, bornite, arsenides, barite, pyrrhotite,
tetrahedrite galena, molybdenite, | electrum, marcasite, electrum, tetrahedrite | antimonides, bornite, | molybdenite, galena,

scheelite, stannite,
sulfosalts,
tetrahedrite group

stibnite, sulfosalts,
tetrahedrite group,
bismutite.

group

PGMs

sphalerite, columbite

Supergene ore
enrichment

Chalcocite, covellite

Covellite

Covesliite, chalcocite,
digenite

Major gangue
minerals

Albite, alunite,
amphibole, anhydrite,
biotite, chlorite, clays,

Amphibole, chlorite,
epidote, garnet,
quartz, vesuvianite,

Adularia, alunite,
barite, calcite,
chalcedony, chiorite,

Dolomite, limestone,
shales and
calcsilicates

Albite ,amphibole
,chiorite muscovite
quartz, tourmaline

Calcite, dolomite,
ankerite, ilmenite,
strontianite, fluorite,

epidote, quartz and wollasinite clays, fluorite, biotite, pyroxenes,
tourmaline. kaolinite, muscovite, amphiboles, fosterite,
pyrophyilite, quartz,, haematite, zircon,
rhodochrosite, rutile, brookite,
siderite anatase.
Minor gangue Andalusite, calcite, Fluorite

minerals

Reported co-
elements

Up to 28 elements
reported: Ag®, As®,
Au*, B, Ba, Bi, Cd,
Co, Hg, K, La, Li, Mn,
Mo*, Ni, Pb*, Rb,
Se*, Sn, Te*, T, U,
V, W, Zn,

Ag,” As, Au*, B, Ba,
Bi, Co, Cr, Hg, Mo,
Pb*, Rb, Sb, Se, Sn,
Sr, Te, W, Zn*

Ag®, As*, Au®, Ba, Bi,
Hg, Mn, Mo, Pb*, Sb,
Sn, Zn*

Ag" (max 200ppm),
As, Au, B, Ba, Bi,
Cd, Co*, (max>1%),
Cr, Ge, Hg, Mo, Pb*,
Sc, U, V, Zn*,

Al, As, Ag*(max
60ppm), Au (4 ppm),
B, Ba, Bi, Co, Cr, Ni,
P, Pb, Sb, Se, Sn, W,
Zn,

Ni*, Co*, Mg, PGE*
Where: PYNi=1/500
and Ni/Co= 0.5-1.5/1

B, Ba, Be, Ca, Li, Mo,
Nb*, P, Pb, REE*, Sr,
Ta, Th*, Ti, U*, V, W,
Zn, Zr*

Where: * represents signature elements, commonly associated with copper ore deposit classes
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Reported element concentrations in copper ore deposits

Element Porphyry deposit; Skarn deposits (du Bray, 1996) ( sl;gs%?ﬁlfﬁdﬂipzo i:t‘:‘s
{du Bray, 1996; Bulatovic, 1998) in Appendix 5.1)
min max mean min max mean min max
Si % 21 35 31 n.d. n.d. n.d. 304 n.d.
Al % 4 9.5 6.5 n.d. n.d. n.d. n.d. n.d.
Fe % 0.05 10 3.2 n.d. n.d. n.d. 1.5 29.4
K% 0.1 8.7 2.7 n.d. n.d. n.d. n.d. n.d.
S % 0.4 8 1.9 n.d. n.d. n.d. 1.4 n.d.
Mg % 0.02 6.6 3 n.d. n.d. n.d. n.d. n.d.
Na % n.d 37 0.6 n.d. n.d. n.d. n.d. n.d.
Ti % 0.1 1 0.4 n.d. n.d. n.d. n.d. n.d.
Cu% 0.8 2.2 0.33 nd. 13.5 0.6 0.58 0.86
Ca % 0.06 5 0.32 n.d. n.d. n.d. 5.3 n.d.
Ba ppm 50 5000 455 n.d. 2200 645 n.d. n.d.
Mn ppm 0.1 5000 366 n.d. 4670 848 50 n.d.
Sr ppm n.d 800 207.5 n.d. n.d. n.d. n.d. n.d.
Rb ppm 20 500 139 n.d. n.d. n.d. n.d. n.d.
Zr ppm n.d 320 118 n.d. n.d. n.d. n.d. n.d.
Zn ppm <5 17000 94 4 132700 1668.0 4800 9300
V ppm 0.13 700 74 n.d. n.d. n.d. n.d. n.d.
Pb ppm 2 10000 42 3 132000 1610 1000 n.d.
B ppm n.d. 2000 36 n.d. n.d. n.d. n.d. n.d.
Cr ppm n.d. 1000 33 n.d. 674 105 n.d. n.d.
Ni ppm <5 200 20.7 1.0 152.0 34.0 n.d. n.d.
Mo ppm <5 2000 20.0 1.0 275.0 22.0 n.d. n.d.
Li ppm n.d. 358 18.4 n.d. n.d. n.d. n.d. n.d.
Co ppm n.d. 150 18.0 n.d. 275.0 22.0 n.d. n.d.
As ppm n.d. 1200 15.5 n.d. 289.0 69.0 4100.0 4500
W ppm <3 150 7.4 n.d. 316 41 n.d. nd.
Sb ppm n.d. 1500 4.7 nd. 580 25.0 1500 13100
Sn ppm n.d. 70 46 n.d. n.d. n.d. 1800 n.d.
Se ppm n.d. 20 45 n.d. 420 31 10 80
Ag ppm n.d. 150 1.2 n.d. 300 14 50 n.d.
Bi ppm n.d. 500 1.1 n.d. 1505 46 0.2 70
Be ppm n.d. 2 1.1 n.d. n.d. n.d. n.d. n.d.
Cd ppm n.d. 150 0.3 n.d. n.d. n.d. n.d. n.d.
Te ppm n.d. 3000 0.3 n.d. 76 6 n.d. n.d.
Au ppm n.d. 3.0 0.1 n.d. 176 3 81.0 n.d.
Hg ppm n.d. 11 0.1 n.d. 1.9 0.1 n.d. n.d.
Ti ppm n.d. n.d. n.d. n.d. 2.3 0.8 n.d. n.d.
In ppm n.d. n.d. n.d. n.d. n.d. n.d. 0.1 1
Ge ppm n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Re ppm n.d. n.d. n.d. n.d. 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(kg/t)

Mass balance equation

Assumptions

Cro conc = (0.304 Ccha!copyri.te, cone + 0.466 prrita, conc
+0.1113 Cbornite, conc)/o-85

CS,conc = (0-349 Cchalcopyrite, conc + 0-534 prrite, cone
+ 02552 Cbornite, cone + 0201 1 Cchaicocite, con0)/o'96

CCu,conc = (0-347 Ccha!copyrite, conc + 0.6334 Cbomite.
cone + 0-7988 Ccha!cocite, conc)/ 0.99

Cgangue,conc = 1000 - (Cchalcopyrite, conc + prrite conc +

bornite, cong + Ccha!cocite, conc Cminor-trace metal minerals,

conc)
Csiﬁcate minerals,conc = (09 to 098) Cgangue,conc

Ccarbonate & oxide minerals, conc = Cgangue,conc = Csilicate
minerais,conc

Cquanz,conc = 0-4505ilicate minerals, conc

CK~fe!dpaf,conc = O-ZSCsi!icate minerals, conc
m: biotite, muscovite and albite

Cm,conc = 01 OCsiIicate minerals, conc

Ccalcite,conc =0.70 Ccarbonata minerals, conc

m: dolomite, ankerite and siderite

Cm,conc = 0.1 0Ccarbonatea minerals, conc

Csi = (047 Cquanz,conc + 01 62 Cbiotite, conc + 01 97
Cfeldspar,conc+ 0.222 Capite conct 0.211
Cmuscovite,conc)/ 098

CAI = (0-1 56 Cbiotite, conc + 0.190 Cfeidspar,conc“‘ 0.214
Ca!bite,conc'*‘ 0.204 Cmuscovite,conc)/ 0.98

CK= (0075 Cbiotite, cone + 0.275 Cfe!dspar,conc +
O-OQBCmuscovi{e,conc)/O- 98

CNa =(01 83 Caibite,conc)"lo-98
CMg = (0.07 Cyiotite, conc + 0.13 Cdoiomite,conc)/ 0.98

Cea= (0.4 Cearcitocone + 0-217 Coolomite, cone + 0.345
Cankerite, conc)/ 098

e The major copper and iron sulphide minerals
occur as chalcopyrite (20-70%), pyrite (5-35%),
bornite (1-8%) and chalcocite (1-18%)

¢ These minerals account for 89% of the total
copper, 95% of the total sulphur, and 85% of
the total iron in the concentrate.

» Total concentration of minor and trace metal
bearing minerals varies from 2-8%

s Copper/sulphide ratios are approximately 1.2/1
(after Ayres et al, 2002)

e The majority of the non-sulphide gangue is
comprised of silicate minerals (80-98% of total
gangue), of which 45% is present as quartz,
25% as K-feldspar and 10% each of biotite,
albite and muscovite.

» The remaining gangue is made up of oxides (<
8%) and carbonates (< 4%), of which 70% is in
the form of calcite together with 10% each of
ankerite, siderite and dolomite

» The listed gangue minerals account for 98% of
the Si, Al, K, Mg, Na and Ca in the concentrate
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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. Cmconc{kg/t)

Mass balance equation

Assumptions

Creconc = (0.304 Cchalcopyri.te, conc + 0.468 Coyrits, con
+0.1113 Cbomite, r;onc)/o-85

CS,conc = (0349 Cchalcopyrite, conc + 0.534 prrita, cone
+ 0.2552 Cbomiie, conc + 0.2011 Ccha!cocite, conc)/0.96

CCu,conc = (0-347 Cchaicopyrita, conc + 0-6334 Cbomite,
cone + 0-7988 Cchalcocite, conc)/ 0-99

Cgangue,conc = 1000 - (Ccha!copyrita, cone + prrite conc +
bornite, conc + Cchalcocite, conc + LUiminor-trace metal minerals,
conc)

Csi!icaxe minerals,conc = (0-9 to 0-98) Cgangue,conc

Ccarbonate & oxide minerals, conc = Cgangue,conc - Csi!icate
minersals,conc

Cquanz,conc = 0-4505i|icate minerals, conc
CK-fe!dpar,conc = O-ZSCsi!icate minerals, conc

m: biotite, muscovite and albite

Cm,conc =0.1 OCsilicate minerals, conc

Ccalcite,conc =0.70 Ccarbonate minerais, conc

m: dolomite, ankerite and siderite

Cm,conc = 0'1 OCcarbonate minerals, conc

Csi = (0-47 Cquanz,conc +0.162 Cbiomg, conc + 0.197
Cfeldspar,conc+ 0.222 Caibite,conc'*‘ 0.211
Cmuscovite,conc)/ 098

Catbite,conc"’ 0.204 Cmuscovite,conc)/ 0.98

CK= (0-075 Cbiotite, conc t 0.275 Cfe!dspar,conc +
0 -Ogscmuscovite,conc)/ 0.98

CNa =(0-1 83 Calbita,conc)/o-gs
CMg = (0-07 Cbiome, cone + 0.13 Cdolomite,conc)/ 0.98

Cca= (0.4 Coaicito,conc + 0-217 Cootomite, conc + 0.345
Cankarite, conc)/ 098

CA! = (0-1 56 Cbiome‘ conc + 0.180 Cfeldspar,conc+ 0.214

e The major copper and iron sulphide minerals
occur as chalcopyrite (20-70%), pyrite (5-35%),
bornite (1-8%) and chalcocite (1-18%)

» These minerals account for 89% of the total
copper, 95% of the total sulphur, and 85% of
the total iron in the concentrate.

e Total concentration of minor and trace metal
bearing minerals varies from 2-8%

s Copper/sulphide ratios are approximately 1.2/1
{after Ayres et al, 2002)

» The majority of the non-sulphide gangue is
comprised of silicate minerals (80-98% of total
gangue}, of which 45% is present as quartz,
25% as K-feldspar and 10% each of biotite,
albite and muscovite.

# The remaining gangue is made up of oxides (<
8%) and carbonates (< 4%), of which 70% is in
the form of calcite together with 10% each of
ankerite, siderite and dolomite

¢ The listed gangue minerals account for 98% of
the Si, Al, K, Mg, Na and Ca in the concentrate
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2.Crmore (kg/)

Appendix 6.3

Mass balance equation

Assumptions

m = chalcopyrite, bornite, chalcocite, pyrite,
minor/trace metal minerals, copper
Cm,conJ (Mt,ore X Dm, conc)

m = Fe
(0304 Cchalcopyrite, ore + 0466 prrite, ore + 01 1 1 3
Chornits, ore)/0.85

m=38
(0.349 Ccha!copyri&e, ore + 0.534 prrita, ore + 0.2552
Cbornite, ore T 0.2011 Cchalcocite, ore)/ 0.96

m = gangue
1000 - (Cchalcopyrite, ore + prrita, ore + Cbornite, ore +

Ccha!cocite, ore T Cminor-trace metal minerals, ore)

m = sificates, carbonates, Si, Al, Ca, Mg, K, Na
(Cm,conc X Cgangue, ore X Mt,ore)
(Mo x C

gangue, conc,

Mt ore (t Ore/ t conc.)= My s +1

Dcopper mingrals, conc = 0.85-0.9
DCu, conc = 0.85-0.9
Dpyrite, conc = 0.05-0.1

Dminor-trace metal minerals, conc = 0.7-0.9

3. Dm,conc

Mass balance equation

Assumptions

m = Fe, S, gangue
Cm,condl(cm, ore X Mt,ore)

m = silicates, carbonate, Si, Al, Ca, Mg, K, Na

Dgangue, conc

4. Com, tans (kG/Y)

Mass balance equation

Assumptions

((Cm ore X Mt,ora)‘ Cm,conc)/ Mt, tails

My, tais (t tails/ t conc.)= 37

5. Dm, waste rock

Mass balance equation

Assumptions

m = chalcopyrite, bornite, chalcocite, pyrite,
minor/ftrace metal minerals, Fe and S

(CCu, waste rock X Mt,waste rock) / (Mt,ore X CCu, ore)

m = gangue, silicates, carbonates, Si, Al, Ca, K,
Mg, Na

(Cgangue, waste rock X Mt, waste rc(:k)/ (Cgangue, ore X Mt,ore)

Ceu, waste rock = 1.5-2 kg/t
M waste rock {t waste rock/t conc.)= M s X 1.9

Cogangue, waste rock - Calculated (point 6)
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6. Cm, waste rock

Appendix 6.3

Mass balance equation

Assumptions

m = chaicopyrite, bornite, chélcocite, pyrite,
minor/trace metal minerals, Fe and S, silicates,
carbonates, Si, Al, Ca, Mg, K, Na

(Dm, waste rock X Cm, ore X Mt, ore)/ Mt.waste rock
m = gangue
1000 ~ (Ccha!copyrite, waste rock T prrite, waste rock +

CI:aornite, wasts rock Cchalcocite, waste rock T\ minor-trace metal

minerals, waste rock)

Where:

s  Cpx = concentration of substance min stream x

o D= (mass substance min stream x}/ (mass of substance m in the ROM ore)

¢ M, .= (total mass of stream x )/ (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

ores, concentrates and tailings

Mass balance calculations for the derivation of individual element enrichment factors and
concenlrations in copper sulphide ores, tailings and concentrates.

Mass balance equation

Assumptions

1. Empirical enrichment facturs in gras for
glament m

[E i, i llr,;u]LllTp e = ':C’ i, l:lrs]ln'p- rical "r Cr'r-. a1usl

2. Pradicted slement enrichrent fagtors in
laliings and concantra ment m

E o, ulingy = [EI'LHB X D‘T'ﬂ‘u’j

E i concararsts = [Em, are % D, tlings)

3. Predicted concentration rangos lor element m

Cre concontrations:
! Crn e = {E mwoore & C‘m crust)

Tailings concentrations
Cn' 8T [D m; dais X Ga'r . nm,ri-" {1'{ 1/ "Jﬂl mruﬁ

Concenirate concentratians:
lr-.:I‘I'l. o = B nea X G, e X M1 o

-

Available empirical cencantrations for elements
in typlcal porphyre-type coppar sulphide ores are
taken from o Bray (19987 and Bulalowie [1998) —
Baa Appandix 6.1,

Avarage ¢rustal abundance concentrations
values (C., =) are based on Beus & Grigorian
{1977); Cotton & Wilkinson {1962); Cox (1995) -
See Appendix 2.2,

Betwean 984 and 99.7 % of the gangue
elaments in the ROM oro deport to the tailings
and 0.3 t0.0.6% to the concentrate: 1.&, Dugaw
ilutrare, 1l s = (1,894 to 0,997 and Dulngun Al el v
= Q003 to 0.008

Between 10 and 15% of the copper in the ROM
ora raports to the tailings and 85 - 905 o tha
concaentrale: i.e. Do rna.=0.1010 0.15 ar? e,
i — 0.85 10 0.90

Betwoon 63% and 23% of the Fe and S in the
ROM are reports fo the tailings and between 7
and 37% ta tha concentrate: Le Diy o g, e =
0.63-0.93 ané Dra 2 & one = .07 1o 0,37

Batwean 10 and 30% of trace ta minor
chalcophiles and siderophiles in the ROM cre
report 1o the tailings and betwoon 70 and 90% o
the concontrate: 1.6, Dy we =0 10-0.3 and D,
cane = LT M 08

Appraxirmately 37 tons of tallings are produced
per ton of cencentrate frem 38 tans of oraes e,
M, [t tailsd t cone)= 37 and M, ., {1 are/t
cong. = 38

Where:
.
.

C., . = concentration of subslance m in stream x

Dy o= (Mass substance m in stream x}/ {mass of substance m in the ROM ore)
M, .= (tatal mass of stream x ) / [mass of concentrate)

En. = (mass substance min stream x }/ (average mass of substance min the earth's crust)
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Appendix 6.4

Predicted element speciation in copper sulphide ores, tailings and concentrates

Element |

Major mineral phases

Trace/minor mineral phases

Major rock forming gangue minerals:

Si s  Quartz (Si0y) . Secondary Al-silicates: kaolinite
o Alsilicates: K-feldspar (KAISIO3); albite (Al2Si0s5(0OH)4); pyrophyllite
(NaAlSiyOg); biotite {Al2Sis010(OH)z); topaz (Al,SiQ4(F,OH).
(K{(FeMg)2Al3SizO1o(OH)2); muscovite . Calc-alkaline silicates: amphiboles
(KAI3Sis010(OH)2); chiorite (Cao(Mg,Fe)sSisO2(OH),); epidote
(MgFe)sAl(SizANO10(OH)s) {Caa(Fe,Al)s(8i04)s(OH)); anorthite:
CaAl;8i20s . stilbite: CaNazkAlSi1701s
e  silicates of trace/minor gangue elements
such as Ti, Zr, Cr, B, Be.
Al Al-silicates: as for Si s  Secondary Al-silicates: kaolinite,
pyrophyllite, topaz and alunite
(K2Als(SO4)a(OH)12)
o  Calc-alkaline silicates: epidote, anorthite,
stilbite
e Minorftrace silicate minerals of elements
such as B (tourmaline)
K Al-silicates: K-feldspar; biotite, muscovite Al-gangue minerals: stilbite; alunite
Na Al-silicates: albite Al-silicate minerals: stilbite
Ca Carbonates: calcite (CaCQg); dolomite e anhydrite (CaSOs)
(CaMg(COs)2); ankerite (CaFe)osCOs e Calc-alkaline silicate minerals: epidote;
anorthite; stilbite
e  Minot/ trace gangue minerals of
P (apatite); F (fluorite); Ti (sphene); W
{scheelite)
Mg e  Carbonates: dolomite e Calc-alkaline silicates: amphiboles;

e Al-silicates: biotite and chlorite

o  Trace-mineral gangue minerals of elements
such as Cr (chromite).

Major sulphide ore minerals :

lron Iron sulphides. pyrite (FeSs) >> marcasite (FeS;) | ¢  Carbonates: ankerite; siderite (FeCQs)
> pyrrhotite (FeS) e Fe-oxides: magnetite (FesOq); haematite
{Fe20s)
e Al-silicates: biotite; chlorite; muscovite
s Minor/ trace gangue minerals of elements
such as Cr (chromite); W (wolframite) and B
(tourmaline)
Sulphur Iron sulphides s  Copper sulphide minerals
e  Trace/minor sulphide minerals of elements
such as As, Zn, Pb, and Mo.
e  Sulphate gangue minerals of elements such
as Ca (anhydrite}; Ba (barite)and Al (alunite)
Cu Copper sulphide minerals: chalcopyrite (CuFeSs) | Copper sulphide minerals: tetrahedrite

> bornite (CusFeS,), > chalcocite (Cu,S)

{{(CuFe)125b4S43) >covellite (CuS)
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Appendix 6.4

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 Zine sulphide mineral : sphalerite (ZnS)
Pb galena (PbS}
As arsenopyrite (FeAsS) o Copper sulphide minerals: tennanite
((CuFe)AssS13)> enargite (CuzAsS4)
¢ Inclusions in pyrite
Mo molybdenite (MoS;)
Se selenides of Cu, Ag & Au
Sb terahedrite ((CuFe)128b4S13) stibnite (SbaS3)
Ge dispersed in sphalerite
Ni ¢ pentlandite ((Fe, Ni)oSs)
e dispersedin pyrite
Bi e  bismutite (Bi2Sa)

e native bismuth
s dispersed in galena

s  cobaltite (CoAsS)

Co ¢ dispersed in pyrite
Cd s  greenocktite (CdS)
e dispersed in sphalerite
Ag e electrum (AuAg)
e  acanthite/Argentite (Ag2S)
{)n?a'\ill\sly Pt dispersed in sulphides
Pd)
Hg dispersed in galena cinnabar (HgS}
In dispersed in sphalerite

e native Au
Au o  Au telluride
¢ electrum AuAg

Re disbersed in molybdenite
Te tellurides of Cu, Au and Ag.
Tl dispersed in galena
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Appendix 6.4

Predicted element speciation in copper suiphide ores, tailings and concentrates continued....

Element

Major mineral phases

|  Trace/minor mineral phases

Other lithophilic gangue minerals:

P apatite (Cas(PQu)a(F, Cl. OH)) monazite ((Ce, Th, La)PQ,),
Ba barite (BaSQy)
Ti sphene (CaTi(SiOs)) Sjttri\‘zr Ti silicates and oxides such as limenite &
F fluorite (CaF3) apatite

»  Mn-oxides: pyrolusite

bonate minerals. ankerit

Mn carbonate: (MnCOs): e can onai e minerals arT erite

s frace/minor gangue minerals of elements

such as W (wolframite)

Sr, Rb dispersed in rock forming minerals
Zr zircon (ZrSiOy)
Cl, Li dispersed in rock forming minerals

REE (rare earths)

monazite ((Ce, Th, La)PO4),

dispersed in Ti minerals such as sphene

v dispersed in sphene?

Cr chromite (FeMgCra04)

B tourmaline (NaFesAlg(BO3)SisO1s(OH)4

Sn cassiterite (SnOg)

Nb columbite-tantalite ((Ta, Nb)>Og)

Ga dispersed in quartz?

W wolframite ((Fe, Mn)WOy4), scheelite
(CaWO,)

Be beryl (BeaAlSisO1s)

Hf dispersed in zircon

Se, Br dispersed in rock forming minerals

U uraninite (UQO3)

Ta columbite-tantalite ((Ta, Nb)2Os)

Dispersed in rock forming minerals
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Screening and Prioritising Environmentally
Significant Constituents in Copper Sulphide
Tailings: Case Study 2

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 80% 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 poliution 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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Chapter 7

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 concerns 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 al, 1995; Romano et al

2003; Environment Australia, 1997; MMSD, 2002) include:

o Co-disposal of tailings with acid consuming/alkali generating wastes using blending and/or layering
techniques.

e Underground disposal

¢ Design and construction of liners and acid drainage collection systems

o Dewatering technologies i.e. deposition of tailings in the form of thickened sludge or paste

e 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 fooltprint, 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), itis
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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Chapter 7

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 Al & Blowes, 1999; Al et al, 2000; Bain
et al, 2000; Banwart & Malmstrém, 2001; Benner et al, 2000; Blowes et al, 1998 and 2003; Carlsson et
al, 2002; Jurjovec et al, 2002; Kontopoulos et al 1995; Lin, 1995; McGregor & Blowes, 2002; Moncur at
al, 2005; Ptacek, & Blowes, 2003; Ramano et al, 2003; Ribet et al, 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 H*, sulphate and Fe(ll) to the tailings pore water. Whilst
other less abundant sulphide minerals, such as chalcopyrite, sphalerite, galena, molybdenite and
arsenopyrite, do not play as 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 (2.1E-5 m?/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 tallings 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(ll) and As(lll}) are furthermore frequently
accelerated by various sirains 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 O, 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 cm/year (see for
example Al et al, 2000; Bain et al, 2000; Benner et al, 2000; Lin, 1997; Moncur et al, 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, Al, 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
(Cu8), 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 al, 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 al, 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 Al et al, 2000; Benner et al, 2000; Carlsson, 2002; Komitsas, 1998; Kontopoulos et al, 1995;
Mwale, et al, 2005; Patinha et al, 2004, van Huyssteen, 1998)

o Transitional Unoxidised Groundwater
Surface zone Oxidation zone zone zone interface zone
pH 3.4-3.9 2344 5.7-6.8 4.2-7 5.7-7.8
Redox (mV) 459-621 415-621 217-359 165-354 94-456
Major soluble salts (ppm)
DS 3460-25000 2322-58109 14000-38120 1504-7299 665-4521
Ca 370-452 370-500 440-450 150-370 100-450
Mg 44-3000 145-2200 1780-1954 120-320 30-180
Na 20-343 12-110 70-720 8-160 8-105
K 12-40 3-70 64-86 4-67 3-22
sulphate 2410-24500 1000-50000 10000-21900 1000-5580 48-3740
Cl 16 28 54 16 5-16
Carbonate n/a n/a n/a 5 54
Trace-minor chalcophilic metals and metalloids (ppm)
Fe 19-4400 0.7-7888 254-6243 465-600 0.3-1300
Cu 0.06-2.2 0.04-2.2 0.06-0.07 0.004-0.03 0.002-0.3
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
Mo n/a n/a n/a n/a 0.0004
Cd 0.08-43 0.05-64 54 0.04-0.8 0.0004-5
Ni 0.6-20 1-8 0.7-1.1 0.06-0.2 n/a
Co 0.9-26 0.9-1.8 0.04 0.020.16 0.02
Trace-minor lithophilic metals and metalloids (ppm)
Si 28-49 19-45 11-21 6-11 3-7
Al 34-1212 5.5-158 3.3 0.1-110 0.05-0.2
Mn 7-877 11-811 68-87 0.6-5.4 0.2-2.5
Sr 0.3 0.2 n/a 0.2 03
Cr 0.003-4.6 0.1-0.3 0.009 0.22 0.0006-0.01
Ba 34 44 56 237 385
v 0.09 0.02 0.02 0.02 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 al, 2000; Blowes et al, 2003; Jurjovec et al, 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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Oxidation zone
pH 1-4

Transition zone
pH 3.5-5.5

Unoxidised zone __-=
pH4-7

Figure 7.1: pH profiles and key controlling solid phases in tzilings impoundments (based on the

conceptual model of Morin et al, 1988)

The pH and radax patentizl prafiles thraugh the tailings impoUhidment have important implications in
terms of the concentrations of soluble contaminants. pH. in particular, is gencrally considered to be the
master variable controlling metal mohility and speciation, both through the formation of hydroxice
minarals and adsarption onto substrato swrtacoes. As indicated by the results in Table 7.1 and the trend
plats in Appendie 7.1, the increasing and dogreasing trends in the pH and redox potentlal respectively
5 generally accompanieg by a reguctian in the concentrations of solible contaminants in the pora
waters within the variols zones. Hence whilst the concentration of soluble contaminants in the pore
waters m the low pH, axidation one are relatively high, attenuation through secondary precipitation ang
adsorption results & signiflicantly lowetr concentration levels o the final leachales emerging from the
basc of the impoundment. The typical spatially relateds contaminant concentration trends are illLstrated
graphically in Figure 7.2 overloat,

In general the bufaring capacity & the Underlying tallings will limit tha migration of 16w pH waters and
harmful contaminants from the oxidation zarme to the sutrownding emvironment. The time-relategs pH,
retlox potentials and contaminant concentration protiles in the migrating pore waters will, howower, bo
capendent an a number of intor-related factars and can vary guite significantly. A key influencing factor
is the composition and mincralogy of the tallings, paricularly with regards to the concentration of
sulghide and acic neutralising mincrals. Pore walers associated with tailings containing relatively low
total sulphide mingral contents (= 20 mass % suphide minerals), such as those ansing from the
processing o porphyty copper deposits, are likely to be considerably less acidic ang oxdising, ang
have lower dissolvad salt and metal concentrations, than those associates with tallings produced during

flotation of massive sulphide ore dopasits, which Gan have a sulphice mineral content of up to 805,
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Figure 7.2: Conceptual spatial model of typleal sulphide tailings impoundments

Typical pH and rodox potantial profiles for the case of tailingsimpoundmaonts wilh sulphide contonts of
tha same order of magnitudae as thoso expectad for the ailings ansing from ke milling and flotation of
porphyry-1yeo copper suehide ora doposils (sea dala in Appendia 7.7) are prosentad in Table 7.2,

Table 7.2: Predicted pH and Eh profiles associated with tailings impoundments arising from porphyry-type

coppar deposits

Oxidalion zona Transition zona Unogidised zane

|
| pH 2545 4555 5.7
‘ Redox notential {mVh - 430-650 170-340 100-320

The tygical Eh-pH rogions gcoupicd by pote wators associatod with parphyry-type sulphide tailings
daposits are comzarad with the properties of both naturaily ocourring and cortaminated water sources
in Figura 7.3. The pore waters in the oridising zene of tailirgs imeoundments have similar ER-2H
orofiles to that of mine waters, being strongly to weakiy acidie and moderalely oxidising. The pH orofilos
of the nore waters in the transitiona and unoxidized zones of the lanngs arg, howevar, closar 10 1hose
of naturaly occurring rain water and streams, with the redox potenlia typically baing inlormcdiate
between those of typical naturay surface and groundwator SOurcos,
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Figure 7.3: Generic Eh-pH diagram for tailings pore water and other water sources (modified from
Garrels, 1960 and Brookins, 1988)

The properties of the pare waterg arising from a spegific tailings material will not only vary with depth
e spatially), as illestrated in Flgures 7.1 and 7.2, out alse with trme (e temporally), In the carly
stages of weathering, dissolution of caleite can maintain the talings pore water pH near neutra
ftypically 5.5-6.5), and the rate and extent of exidation in the relatively saturated takings is slow to
neglinible. As the concontrations of readily available nowralising reagents (such as calgite) bocome
degleted and the rate and extent of sulphide oxidation near the surface of the impoundment increases,
the pH of the pure water in this zone becomes increasingly acidic - with a corresponding increase in the
mabilisation of metals, and dissolution of the less reactive neutralising reagents such as silicates.
Mobilised contaminants which migrate from the low pH oxidation zone are largely attencated through
the formation of secondary saiid phases at the higher pH values associated with the lower zones. As
the sulphide content of the shallow tailings becomes depleted over time, the zone of the active sulphide
mineral axdaton migrates deeper into the tailings at a rate that s dependent on the oxygen diffusion
coeffiziont and tho rate of Diologically aceelerated sulphide mineral oxidation. The extension af the low
pH axidation zono results in the re-mobilisation of contaminants associated with secondary sa'id
phases, which then migrate decper into the tailings deposit whore they are re-precipitated or adsorbed.
As in the case of the oxidation zone, the depths at which tho sccondary salid phases accumulate will
become progressivery lowsr over time. Eventually the further ingress of Os into the taiiings and
exiension of the oxidaion zone becomes imited by the meiswre contens, and the rate and extent of
sulphide oxidation starts to decline as the sulphide mingrals in the oxidation zone become dopleted.
Whilst the releaso of acidity may continue {or some time, due to [aresite conversion and to continued
acdvancerment of low guality acidic wator, a decling in the sulphide oxidation rate will be accompanied 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, after 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,
chiorides 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/) will contribute
significantly (generally 2 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 environmenits,
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and. although not highly toxic, can have a delsteripus effect on the physical and aesthetic

properties of water sources if present at elevated concentrations.

= Acidity: Acidity has a major influence on the emvironmental and biglogical availability of many
metal and metalloids, and 1ts impact is thus mostly indireet, Direct ecotaxicity offects, as well as
impast= on the hurman consumption and the use of water sources will. however, also occur at low

PH values (= 5.3).

This section of tha thesis is concarned with the scraening and ranking of sonstituents within typeal
coppar sulphide tailings in accordance with the ganeric malhoaslogy developed wilhin Chapier 2 of the
‘hesis, a8 well as the information gained from the review in the previous sasclion. As outlined in Figure
7.4, this will entail estimating and eomparing the hazard, reactivity, atlenuazion, mabilily and, ultimazaly,
environmental rigk potential factors tor the individual slements at ‘heir maximum predicted

corcantration levels (see Table 6.5 in Chapter 6], in a systematic and scientifically robust manner

Step 1: Estimata hazard potential frcters on the basis of total madmum, creirenmentally -
acceptatile and hypical natural concentratian levels

 Jling e piin (o ety e T + LTy i e e e

i
: Potential tor moderate. | o ) | Risk t3 tno envircnront i
¢ o high envimnmentdl o Unsweed Yes|  Hasard potenlial factor = M | can o assumcd o bo low |
: rick- [irlier pgsessmsnl accoplable cut-olf valun? i o negligice oo turther
I : i I
1 i
1

i et achon necessary

Step 2 Estimale romctivily pelontial (zclors and caloulate available concantrations and
asscoiated risk potential factars an the kasis of the reactivity of primary phasas o the o »
axidaticn coneof a tailings mpoundrment

- . TN e W N o

i Potential for madorate | ; : g St s
i waE 4 - . I8 21y ran f: i

| Ionign envirkanmenal | Unsiperesy| - ISk polential factor = NO % anbe assumed to va low |
NE cand rmad - lurlher : accoplable cul-ofl valun? e i L
T 3

] | '

anzpasmanl ruirad 1 13 negligible: nd futaer
' A0 00N Nesessary
13

Stop 3 Esfinate subsequent attenuation patential factors and caleulate available
cencantrations and risk polordial (aclors on the basls of net mokbilty in @ disposal sconana

¥

Step 4: Compare predictions with availakle tield andi'cr laboraton-scale empirical data

F Y

Figure 7.4: Procedural framewark for the screening of potentially strategic constituents in copper

sulphide tailings

7.21  Hazard potential predictions

In accordance with discussions in Chapier 2, a guantitative estimate of the hazard potential of the
various waste constituents can be derived from their polential toxicily and human consumption ellects,
as well as *heir background concentration levels in natural environmants, in dceordance with Equation
2.33-h.
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Hazard potential factor = (m. effect factor).(n. enrichment factor) Equation 2.3a

Hazard potential factor = (m.n)(solid concentration)® /({(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 vaiues
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 2 1000, elements in Group IV of Table 7.3 can be considered to
be of low environmental significance (i.e. non-strategic). Whilst all of the elements in Groups | to lil
have the pofential to be present within copper sulphide tailings at environmentally significant
concentrations, only a few of elements, namely 8, Al, Fe, Si and Cu, are likely to be present at
environmentally significant levels in all 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
IIl: High environmental significance A: 1000-10 000 A: Cd, Mo
B: 100-1000 B: 8, Se, Fe, Al, Ag, Sb

lll: Moderate environmental A: 10-100 A: Mn, Bi, Pb, Si, Cu, F, B

significance B: 21 B: W, REE, Sn, Cr, Ti, Be, Ni,
Zn, Ca, Ba, Te, Hg, TI, P '

IV: Low environmental significance: A 011 A: K, Na, Mg, V, Zr, Re

non-strategic elements B: £ 0.1 B: Cl, S, In, Nb, Ga, Li, Hf,
Sc, Ta, Br, Ay, |, Co, U, Rb,
Ge

Calculations:
Hazard potential factor = (m.n)(solid concentration(ppm))? /[(m.water quality criteria (ppm)). (n.average
crustal abundance (ppmj})]

Assumptions:
» the effect and enrichement factors are of equal importance: i.e. m=n=1

o  solid waste constituents are likely to pose a moderate to high risk to the environment at hazard
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)

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 (i.e. on its hazard potential),
but also on its potential to be available for release to the environment (i.e. 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 altenuated through secondary precipitation and/or adsorption reactions.
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Finally, 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 (typically 100 to 500 years
(Hansen, 2004)), of elements is estimated in accordance with Equation 2.6.

Availability Potential Factor = Reactivily potential factor x (1-attenuation potential .
factor) Equation 2.6
actor

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 minerais in typical
copper sulphide tailings within the oxidation and transitional zone
{(based on Brookins, 1988; Duda & Rejl, 1986; Garrels, 1960; Thornton, 1983)

Thermodynamic Mineral description Associated elements
stability
Unstable Sulphide minerals As, Cu, Fe, Pb, Se, Cd, Se,
Mo, 5b, 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 sificates

Al silicates (biotite, chlorite, feldspar and
albite); calc-alkaline silicates (amphibole,
epidote); beryl; tourmaline; sphene

Al K, Na, Ba, (Mg), (Fe), (Si)
, Be, B, Ti, Cl, Li, Rb, V, Sr

Acid insoluble oxides

monazite; cassiterite/stannite; chromite REE, 8n, 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 Dold &
Fontbote (2001).
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Table 7.5: Reported results from sequential chemical exiraction tests on tailings from the unoxidised

tailings impoundment zones (Carlsson et al, 2002; Dold & Fontbote, 2001)

Residual fraction Reactive fraction
(% of total) {% of total)
Arithmetic Arithmetic
Range mean Hange mean
Highly reactive (> 90% )
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
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%)
Ca 15-50 30.0 50-85 70.0
Mg 31-39 354 62-69 64.6
Relatively unreactive (5§%-50%)
Al 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
\ 49-76 60.7 24-51 39.3
Ba 73-83 78.3 17-27 21.7
Inert (<5%)
Si | 97 | 95 | 35 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: 0.5-0.8 B: Elements present to a significant extent
e 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: Al, K, Na, Ba, Ti, V,
Cr, Cl, Be, Li, Rb, S¢, 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 Al-K-silicates within a typical tailings
impoundment, aluminium is only predicted to pose a moderate risk to the environment, in comparison
1o its relatively high hazard potential.

Attenuation and availability potential factors for selected elementis

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 Maximum risk potential Elements
factor/1000

[: Very high environmental >10 000 As

significance

iI: High environmental A: 1000-10 000 A: Cd, Mo

significance

B: 100-1000 B: Fe, S, Ag, Se, Sb

i1l Moderate environmental A 10-100 A: Mn, Bi, Al, Cu, Pb

significance B: >1 B: Ni, Te, Hg, F, B, Zn, W

iV: Low environmental A: 0.1-1 A: REE, 8i, Tl, n,Ca, Ti, Be,Mg,

significance: non-strategic P, Ba

elements B:=041 B: K, Re, In, U, Na, V, Rb, CI, S,
Ga, LI, Zr, Sc, Br, Nb, |, Hf, Ta,
Au, Cr, Ge, Co

Calculations:

¢ Reactive concentrations (ppm) = reactivity potential factor x total element concentration in
solid tailings (ppm)

e Risk potential factor = {m.n)(reactive solid concentration(ppm))* /[(m.water quality criteria
{ppm)}). (n.average crustal abundance (ppm))]

Assumptions:
s the effect and enrichment factors are of equal importance: i.e. m=n=1

o 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)

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
agueous 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 constituenis 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-lll of Table 7.7), viz: Visual MINTEQAZ2 version 4.0 of the US
EPA CREAM (upgraded in April, 2005} and Qutokumpu 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 modeilling 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 Concentration (M)
Fe(OH)3- 2.05E-26 | 1.71E-26 K-Jarosite 2.56E-2
Fe(OH)3 (aq) 156-12 | 152612 Schwerlmannite __awsE-3
Fe(OH)4- 1.13E-17 9.51E-18
o,
Fe(SO4)2- 0.000163 | 0.000135 Component c/; r‘:‘f;g;ae'm Species
Fe+2 0.010694 | 0.005391 concentration | "ame
Fe+3 0.000187 4.87E-05 Fa+2 70.706 | Fes2
Fe2(0H)2+4 5.76E-06 3E-07 20.204 | FeS0O4 (aq)
Fe3{OH)4+5 5.91E-08 | 5.83E-10 K+1 97.699 | K41
FeOH+2 0.0003 0.000146 S04-2 43.275 S04-2
FeS04 (aq) 0.004431 0.004502 20.956 | FeSO4+
FeS04+ 0.003527 | 0.002946 1.933 | Fe(SO4)2-
H+1 0.003673 0.003162 7512 | HSO4-
HSO4- 0.001264 | 0.001051 26.325 | FoSO4 (aq)
K+1 9.42E-08 | 7.72E-09 Fetd 4.464 | Fess
K804- 2.22E-10 1.86E-10 3.873 | Fe(SO4)2-
OH- 3.85E-12 { 3.17E-12 7.153 | FeOH+2
504-2 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 0.15874 97.438
H+1 0.004605 100 0 0
K+1 9.64E-09 0 0.025574 100
504-2 0.01683 16.167 0.08727 83.833

Figure 7.5: Example of the thermodynamic modelling output data: the K-Fe-8-H;0 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 7.8.
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Table 7.8: Attenuation and net avallability of selected elements in typical copper sulphide tailings

impoundments: First-order predictions

Afttenuation Availability
Element Dominant attenuation mechanism{s) potential potential
factor factor
Extensive attenuation
Arsenic Adsorption onto hydrated ferric oxides 0.98-1.00 <0.02
s Precipitation of anglesite (PbSQO,) and/or
Lead 0.99-1.00 <0.01
¢  Adsorption by ferrihydrite
Selenium Precipitation of copper selenides (Cu,Se). 0.95-1.00 <0.05
o  Precipitation of calcium molybdate (CaMO,) and/or
Molybdenum 0.98-1.00 <0.02
s  Adsorption by ferrihydrite
Antimony Precipitation of oxides Sb(OH)z and/or 5b,0, 0.97-1.00 <0.03
Precipitation of jarosite, ferrihydrite, goethite and, to a X
Iron lesser extent, schwertmannite 0.97-1.00 <0.03
Tellurium Precipitation of Cu,Te and/or TeO 0.99-1.00 <0.01
Silver Formation of metallic Ag >0.99 <0.01
Bismuth Precipitation of Bi,O, 0.98-1.00 <0.02
- Precipitation of alunite, gibbsite and, to lesser extent , _
Aluminium jurbanite and kaolinite 0.99-1.00 <0.003
e Metallic copper formation and, to a lesser extent,
Copper chaleocite (Cu,S) 0.9-1.0 <0.1
s  Adsorption by ferrihydrite
Mercury Metallic Hg >0.99 <0.01
Barium Precipitation of barite (BaS0,) >0.99 <0.01
Platinum Formation of metallic Pt >0.99 <0.01
s  Precipitation of CaWQ,
Tungsten >(.98 <0.02

e  Adsorption by ferrihydrite
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Attenuation Availability
Element Dominant attenuation mechanism{(s) potential potential
factor factor
Partial attenuation
¢  Adsorption by ferrihydrite.
Cadmium 0.35-0.85 0.15-0.60
e Partial precipitation of CdCQOj; possible at pH 2 6.
o  Adsorption by ferrihydrite
Zinc 0.20-0.50 0.45-0.75
o Partial precipitation of ZnCQ3 possible at pH 286.5 :
Nickel Adsorption by ferrihydrite 0.25-0.85 0.15-0.70
Calcium Precipitation of gypsum (CaSQ0,.2H.0) 0-0.40 0.30-0.80
Kand Na Precipitation of jarosites 0-1.00 0-0.30
Low attenuation
e  Adsorption by ferrihydrite.
Manganese <0.25 0.60-0.95
+ Partial precipitation of MnCO; possible at pH = 6.
+ Precipitation of gypsum and hydroxy sulphates of Fe
Sulphur and Al <0.20 >0.70
» Partial adsorption by ferrihydrite possible
Germanium | Precipitation of GeO, <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)}/100

Availability potential factor = reactivity potential factor x (1-attenuation potential factor)

Calculations based on:

o Predicted reactivity potential factors as presented in Table 7.6

e Pore water compositions, Eh-pH ranges and formation constants for precipitated phases as
presented in Appendix 7.3

s Ferrihydrite surface complexation equilibrium constants as provided by the Visual MINTEQAZ2 ver.
4.0 surface complexation data base (*feo-dim.mdb”)

s Assumed ferrihydrite solid concentrations of 10 g/l in the lower pH (4.5-5.5) zones, and 1g/tin the
deeper, higher pH (6-7) zones.
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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 2.5b and 2.4 respectively.

Available concentration = availability potential factor x total solid concentration Equation 2.5b
Risk potential factor = (m.n)(available solid concentration)® /({(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 >10 000 None
IIl: High environmental significance A: 1000-10 000 A: Cd
B: 100-1000 B:S
C: 10-100 C: Mn
lIl: Moderate environmental significance 1-10 As>B, Mo, Se
IV: Low environmental significance 0.1-1 gb, Zn, Ni, Fe, Si, Ca, Cu, Mg,
V: Non-strategic elements s0.1 Bi, Na, Al, Ag, Ba, W, Te,

Pb, K, Ge, Hg, REE

Calculations: See Equations 2.5b and 2.4.

Assumptions:

» the effect and enrichment factors are of equal importance: i.e. m=n=1

e solid waste constituents are likely to pose a moderate to high risk to the environment at risk potential

factors z 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 | to IV
have the potential to be present within copper sulphide tailings at environmentally significant
concentrations, only 8, 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(il)),
which is stable in the absence of oxygen and is considerably more mobile than ferric iron (Fe(lill}). The
elevated concentration levels of Fe(ll) in the field pore waters can possibly be due to:

o 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

o the partial dissolution of relatively reactive primary Fe(ll) 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: Potentlal environmental significance of constituents in the pore waters from actual sulphide

tailings impoundments

A: Minimum field concentrations

Group description

Surface/
oxidation zone

Transitional/
unoxidised zone

Groundwater
interface zone

general drinking water criteria by 100-
1000

Soluble concentrations exceeding - Fe -
general drinking water criteria by >1000
Soluble concentrations exceeding H+ Zn -

Soluble concentrations exceeding Mn, Ni, sulphate, | Pb, sulphate, Mn Mn, sulphate
general drinking water criteria by 10-100 Al, Zn, Cd,
Soluble concentrations exceeding Fe, Ca, 8i, TDS Mg, 8i, As, Ni, Cu, | Fe, Ca, TDS
general drinking water criteria by 1-10 Cd, TDS
Soluble concentrations not exceeding Co, Pb, Mg, As, Cl, Na, K, Ca, Al, K, Zn, Na, As, Mg,
general drinking water criteria Cl, Na, Cu, K, Cr, | Co, Cr, Sr, H+ Si, H+
Sr
B: Maximum field concentrations
- Surface/ Transitional/ Groundwater
Group description oxidation zone unoxidised zone interface zone
Soluble concentrations exceeding general | Mn, Cd, Fe, Zn, | Mn, Cd, Fe -
drinking water criteria by >1000 H+
Soluble concentrations exceeding general | Al, Ni, sulphate, | Al, 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 Zn, 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, Cl, Mo, Sr | Cu, Co, K, Cr, Cl, | Si, Al, K, Cl, 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, B, 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 o be of Major soluble salts: TDS or EC.
environmental significance under most
conditions Mainly the sulphate salts of Ca
and, 1o 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,
&b, 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, B, 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 De;)\;):rl]t 8 Deposit 1 Deposit 2 DeF\;)as:: 8 Deposit 4 Deposit-5 Deposit 6A Deposit 6B (iggﬁ?:goi%
{Carisson, (Al et al, Huyssteen, (Carlsson, (Al et al, Huyssteen, (Patinha et | (Benneret | (Kontopoulos | (Kontopoulos setal,
2003) 2000) 1998) 2003) 2000) 1998) al, 2004) al, 2000) et al, 1995) et al, 1995) 1995)
pH 3.4 3.9 36 3.2 4.4 4.2 3.6 3.5 25 23 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 - - - - -
K 19 40 12 3 70 24 - - - - -
sulphate 2409 21400 24489 5466 22900 26802 - 3700 15500 50000 1000
Cl - 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 0.008 1.1 0.09 0.3 2.3 0.007 - - 1 25 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 -
Si 30 28 49 45 40 19 - - . - -
Al 34 - 1212 158 55 55 - - - - -
Mn 7 877 55 11 811 80 - - - - -
Sr 0.3 - - 0.2 - - - - - - -
Cr 0.003 - 46 0.3 - 0.11 - - - - -
Ni 0.6 7 20 1 8 - - - - - -
Co 0.9 - 26 1.8 - 0.9 - - - - -
Ba - - 34 - - 44 - - - - -
\ - - 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
Parameter* | Deposit2 Def\f,’as:: 3 | Deposit1 | Deposit2 Def\f,’:g 3 | Deposit4 | Deposits | Deposit6B
(Al et al, Huyssteen {Carlsson, (Al et al, Huyssteen, (Patinha et {Benner et {Kontopoulos
2000) 1098) ’ 2003) 2000) 1998) al, 2004) al, 2000) et al, 1995)
pH 6.8 5.7 4.2 6.6 6.8 58 4.9 7
redox 217 358 - 165 354 - 350 330
TDS 13999 - 3459 7299 - - . -
Ca 440 447 153 369 307 - - 200
Mg 1780 1964 117 317 131 300
Na 720 70 8 160 97
K 86 64 4 67 42
sulphate 10080 21894 2229 5580 1440 3700 1000
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
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
Al 3.3 110 0.1
Mn 87 68 5.4 2.7 0.6
Sr 0.2
Cr 0.009 0.22 <0.008
Ni 1.1 0.7 0.2 0.06
Co 0.04 0.16 0.02
Ba 56 237
vV 0.02

* All values except pH and redox potential in ppm
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Appendix 7.1

Groundwater interface zone
" Deposit 1 R Deposit 3 Deposit 5 Deposit 7 Deposit 8
Parameter (Ca[:lsson, ( N%?Z?sgozoo) Hu)g:tgen (Ben':er et al, (ngle et al, (Koir)nitsas,
2003) ’ 1998) ’ 2000) 2005) 1998
pH 5.7 7 7.8 6 7.1 5.8
redox 94 456 150 303
DS 2903 4521
Ca 444 451 97 106
Mg 45 175 26 24
Na 8 105 68
K 3 22 16
sulphate 1935 3740 48 3200 1989
Cl 16.2 5
carbonate 54
Cu 0.002 0.02 0.3
Fe 419 8 1 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
Al 0.05 0.2
Mn 2.5 1.3 0.2 0.3
Sr 0.3
Cr 0.0006 0.01
Ni
Co 0.02
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

Zone 1: surtace zone
Zone 2: oxidation zone
Zone 3: transition zone
Zone 4: unoxidised zone

Zone 5: groundwater interface zone
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Description of Tailings:

Deposit 1: Kristinberg pyrite rich Cu- Zn tailings (Carlsson et al, 2003): 14.4 % S; 9% Zn; 0.1% Cu and
17% Fe with minor calcite

Deposit 2: Kidd Creek pyrite rich Zn-Cu tailings (Al 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% 8; 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 al, 2004).

Deposit 6: Pyrite rich Pb-Zn tailings (Kontopoulos et al, 1995):
A Kavodokanos : 5-10% S; 16% pyrite; Fe 5-17%; Zn 0.5-3%
B: 2-5% 8; 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 al, 2000): 13.6% S
Deposit 7: KCM Konkola copper sulphide tailings (Mwale et al, 2005): 0.5-1% Cu.

Deposit 8: Baia copper sulphide tailings (Komitsas et al, 1998): 3% §; 7% Fe; 0.07 % Cu, paste
pH 2.4. Non-sulphide gangue comprised mainly of quartz.
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Appendix 7.2

Appendix 7.2: Derivation of generic hazard and risk potential

Hazard potential factors

factors for porphyry-type copper sulphide tailings

Hazard potential factors/1000

Component ccm:;gg;gﬁiange Crustal abundance | for, ifr?r']ﬁﬁ? vt
{(ppm) (ppm) (ppm) Minimum Maximum
As 2550 18 0.01 <011 17236
cd 0.2-60 0.2 0.008 <01 3600
Mo 2-450 15 0.05 <04 2846
Ag 0.1-20 0.07 0.01 <0.01 630
Al 40000-100000 81300 0.2 100 615
Fe 8000-95000 50000 04 4 602
Se 1-30 0.09 0.02 0.6 426
sb 0.2-60 02 0.05 <0.01 384
s 10000-110000 520 83 23 279
si 210000-350000 277200 5 59 87
Mn 100-2000 1000 0.05 0.2 84
Pb 5-100 16 0.01 <04 61
cu 800-1300 55 1 12 31
B 50-1000 10 0.3 <01 21
Bi 0.2-60 0.2 T <0.01 19
F 60-3000 600 1 <0.01 15
REE 10-870 85 1 <0.01 3
sn 15-300 3 5 <01 6
Te 0.01-0.5 0.001 0.02" <0.01 5
Hg 0.02:0.6 0.08 0.001 <0.01 5
Ti 400-9000 4400 5 <0.01 4
Ba 45-880 430 0.7 <0.01 3
Be 1-30 28 01" <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 1
cr 10-200 100 05 <0.01 1
Ca 4000-45000 36300 100° <0.01 1
T 0.06-2 0.3 0.02" <0.01 1
P 100-6100 1200 5 <0.01 1
Pt 0.01-2 0.005 1 <0.01 05
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 2000-26000 20900 100° <0.01 0.3
Re <0.01-05 0.001 1 <0.01 0.25
v 15-300 150 5 <0.01 0.12
U 1-10 15 1 <0.01 0.07
In 00105 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 0510 13 1 <0.01 0.05
Rb 10-600 120 100 <0.01 0.03
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Hazard potential factors continued....

Appendix 7.2

Hazard potential factors/1000

Component coredicted | Crustal abundance for ciiniing water
range (ppm) (ppm) (ppm) Minimum Maximum
cl 50-500 100 100 <0.01 0.03
Li 15-300 30 100* <0.01 0.03
ca 2:80 15 30° <0.01 0.01
Sr 30-600 290 100° <0.01 0.01
i 0.5-30 26 30° <0.01 0.009
Co 0.315 25 1 <0.01 0.009
So 170 12 100° <0.01 0.004
Ta 0.1-10 1 30* <0.01 0.003
Br 0.5-30 25 100° <0.01 0.003
| 0.055 05 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 1o chemical and toxicological

properties.

Hazard potential factor = (element concentration in solid (ppm))2 / (crustal abundance {(ppm)x typical
water quality guideline limits (ppm))
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Risk potential factors

Appendix 7.2

Reactivity factors for primary phases Net availability factors
Component Reactivity Reactive Associated Availability Available Assoclated risk
potential concentration risk potential potential concentration potential
factors range (ppm) tactor/1000 factors range (ppm) factor//1000

As 0.8-0.95 <1-530 <0.01-15556 <0.01-0.02 <0.01-10 <0.01-8
Cd 0.8-0.95 <1-80 <0.1-3249 0.15-0.6 0.03-37 <0.01-1372
Mo 0.8-0.95 1-440 <0.1-2568 <0.01-0.02 <0.01-8 <0.01-1
Ag 0.9-0.95 «1-20 <0.1-569 <0.01 s0.02 <0.01
Fe 0.75-0.95 5850-00250 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 <0.01 <0.01-1
Sb 0.9-0.95 <1-60 «<0.01-347 <0.03 <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
Mn 0.75-0.95 2050 <0.1-76 0.6-0.9 60-1850 0.06-70
Pb 0.9-0.95 3-100 <0.01-55 £0.01 <1 <0.01
Al 0.1-0.3 4100-30000 1-58 s0.01 0.01-300 <0.01
Cu 0.9-0.95 720-1240 9-28 £0.1 0.01-120 <0.2
Bi 0.9-0.95 <1-60 <(.01-17 <0.02 1 <0.01
F 0.4-0.6 25-1840 <0.01-6 s0.06 0.5-180 <0.05
Te 0.9-0.95 <0.5 <0.01-4 £0.01 <0.01 <0.01
Hg 0.8-0.95 <0.5 0.01-4 £0.01 <0.01 <0.01
B 0.1-0.3 5-300 0.01-2 0.1-0.3 5-300 <0.01-2
Ni 0.9-0.95 1-40 <0.01-1.3 0.15-0.7 0.1-30 <0.01-0.7
W 0.-0.6 2-60 <0.01-0.8 <0.01 <0.06 <0.01
7n 0.9-0.95 15-479 <0.01-0.9 0.5-0.76 7-370 <0.01-0.6
REE 0.1-0.3 1-260 <0.01-0.8 nd. n.d. n.d.
Sn 0.1-0.3 2-80 <0.01-0.5 n.d. n.d. n.d.
T 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.
Ba 0.1-0.3 5-260 <0.01-0.2 <0.01 0.3 <0.01
Si 0-0.05 <1-350000 <0.01-0.2 <0.05 <0.01-17400 £0.2
Be 0.1-0.3 <1-9 «<0.01-0.3 n.d. nd. n.d.
[ 0.4-0.6 40-3700 <0.01-0.2 n.d. n.d. n.d.
Mg 0.5-0.8 1000-20800 <0.010.2 0.5-0.8 950-20800 £0.2
Ge 0.9-0.95 s8 <0.01-<0.1 0.8-0.95 0.3-8 £0.04
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 0.3 <0.01-10500 <£0.04
Na 0.1-0.3 300-9500 <0.01-<0.1 £0.3 <0.01-8500 <0.03
Re 0.9-0.95 <0.5 <0.01-<0.1 nd. n.d. n.d.
v} 0.1-0.3 2-90 <0.01-<0.1 n.d. n.d. n.d.
U 0.4-0.6 =5 <0.01-<0.1 n.d. n.d. n.d.
In 0.9-0.95 <0.5 <0.01-<0.1 n.d. n.d. n.d.
Nb 0-0.05 %10 <0.01 n.d. nd. n.d.
Au 0-0.05 £0.05 <0.01 n.d. n.d. n.d.
Pt 0-0.05 s2 <0.01 nd. n.d. n.d.
7r 0-0.05 <1-26 <0.01 n.d. nd. n.d.
R’b 0.1-0.3 1-180 <0.01 n.d. n.d. n.d.
Cl 0.1-0.3 1-150 <0.01 nd. n.d. n.d.
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Appendix 7.2

Reactivity factors for primary phases Net availability factors
Component Reactivity Reactive Associated Availability Available Asscciated risk
potential concentration risk potential potential concentration potential
factors range (ppm) factor/1000 factors range {(ppm) factor//1000
Li 0.1-0.3 2-90 <0.01 n.d. n.d. n.d.
Ga 0.1-0.3 <0.01-20 <0.01 nd. nd. nd.
Sr 0.1-0.3 3-180 <0.01 n.d. n.d. n.d.
Hf 0-0.05 <1 <0.01 n.d. n.d. n.d.
Co 0.9-0.95 <0.01-14 5 0.01 n.d. nd. n.d.
Se 0.1-0.3 <0.01-0.2 <0.01 n.d. n.d. n.d.
Ta 0-0.08 s1 <0.01 n.d. n.d. n.d.
Br 0.1-0.3 <0.01-8 <0.01 nd. nd. n.d.
] 0.1-0.3 £2 <0.01 n.d. n.d. n.d.

tailings (ppm)

Reactive concentrations (ppm) = reactivity potential factor x total element concentration in solid

tailings (ppm)

Available concentrations {ppm) = availability potential factor x total element concentration in solid

Associated risk potential factors = (reactive or available concentrations in solid tailings (ppm))2 /
(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: 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 Transitional-unoxidised zone
2.5 550 650 4.5 220 340
3 520 620 5 200 320
3.5 480 590 5.5 170 290
4 460 560 6 150 270
4.5 430 530 6.5 120 250
7 100 220

Element concentration ranges

Element Concentration range {ppm)
calcium 350-500
magnesium 100-1000
potassium 10-100 (40)
sodium 10-100
sulphate 5000-25000
carbonate 5-100 (50)
iron 100-1000 (500)
zinc 100-1000
manganese 50-500 (100)
molybdenum 50-500
aluminium 4-400 (40}
boron 10-200
arsenic 50-150
lead 10-100
cadmium 10-100
nickel 10-100
copper 5-100
silica 10-40
barium 5-10
antimony 5-10
germanium 5-10
bismuth 5-10
tungsten 5-10
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Equilibrium formation constants for secondary solid phases

Appendix 7.3

Element Species Log K: Source AG; (kd/miol) Source
Ca Gypsum 4.61 MINTEQAZ ver.4 -1797.39 Calculated from Log K:
database (4.61)
(CaS04.2H0)
-1797.12 HSC ver. 5.1 database
Calcite (CaCQs3) 8.48 MINTEQA2 ver.d -1129.1 Calculated from Log K;
database (4.61)
Fe K-jarosite 11.0 MINTEQAZ2 ver.4 -3309.71 Calculated from Log K;
{KFe3(OH)s(S04)2 database; Baron & {(11.0}
Palmer (1996)
9.21 PHREEQC -3017 Calculated from Log K
database (9.21)
Schwertmannite -18 Bigham et al (1996) | -4104.21 Calculated from
Log K (-18
(FesOa(OH)s(SO4)) g K (-18)
Ferrihydrite -2.69 MINTEQAZ2 ver.4 -713.94 Calculated from
database
Log Ks (-2.69
(Fo(OH):) 9f:(-269)
(aged ferrihydrite)
-798.98 HSC ver. 5.1 database
Siderite (FeCOa3) 10.59 MINTEQAZ2 ver.4 -679.86 Calculated from
database Log Ki (10.59)
-666.67 HS8C ver. 5.1 database
Al Alunite 1.4 MINTEQAZ ver.4 -4663.76 Calculated from
database
LogKi (1.4
(KAI(OH)o(SO4)2) 9k (14
Jurbanite 3.23 MINTEQAZ2 ver.4 -1487.05 Calculated from
database
(AIOHSO4) Log K (3.23)
Gibbsite -7.74 MINTEQAZ2 ver.4 -1154.73 Calculated from
database
(AIOOH) Log K (-7.74)
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Equilibrium formation constants for secondary solid phases continued. ..

Element Species Log K¢ Source AGi (kJ/mol) Source
Si Kaolinite -7.44 MINTEQAZ2 ver.4 -3834.63 Calculated from
database
AbSi,O5(OH)s Log K (-7.44)
Amorphous SiO; 2.74 MINTEQAZ2 ver.4 -873.83 Calculated from
database Log K (2.74)
Mn Rhodochrosite 11 MINTEQAZ ver.4 -818.671 Calculated from
database
(MnCO3) Log Ks (11.0)
-816.62 HSC ver. 5.1 database
Hausmannite -61.03 MINTEQAZ2 ver.4 -1284.33 Calculated from
database
Log K {(61.03
(MnaOq) g Ki ( )
-1283 HSC ver. 5.1 database
Manganite -25.34 MINTEQAZ ver.4 -557.693 Calculated from
database Log Ki (-25.34)
-567.13 HSC ver. 5.1 database
Pyrolusite -41.38 MINTEQAZ2 ver.4 | -466.171 Calculated from
database Log Ki (-41.38)
-465.0 HSC ver. 5.1 database
Cu Covellite (CuS) 22.27 MINTEQAZ ver.4 | -49.4351 Calculated from
database Log K (22.27)
Chalcocite 34.65 MINTEQAZ2 ver.4 | -85.66 Calculated from
database Loa K; (43.65
(CuzS) g Ki (43.65)
-86.22 HSC ver. 5.1 database
-1307.5 ?7?
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Equilibrium formation constants for secondary solid phases continued....

Element Species Log K¢ Source AGi (kd/miol) Source
Mo CaMoQy4 7.95 MINTEQAZ2 ver.4 | -1434.36 Calculated from
database Log K (7.95)
-1435.54 HSC ver. 5.1 database
Pb Anglesite (PbS04) | 7.79 MINTEQAZ2 ver.4 | -812.41 Calculated from
database Log K (7.79)
-812.407 HSC ver. 5.1 database
Cerrusite (PbCO3) 13.2 MINTEQAZ ver.4 | -603.225 Calculated from
database Log Ki (13.2)
-625.378 HSC ver. 5.1 database
Sb Sb(OH)s 7.11 MINTEQA2 ver.4 | -685.188 Calcutated from
database Log Ki (7.11)
8b20y -3.40 MINTEQA2 ver.4 | -795.548 Calculated from
database Log K¢ (-3.40)
-795.89 HSC ver. 5.1 database
Sb4Os 17.90 MINTEQAZ2 ver.4 | -1257.78 Calculated from
database Log K 17.90)
-1249.4 HSC ver. 5.1 database
Se CuySe 45.8 MINTEQAZ ver.d | -117.549 Calculated from
database Log K; (45.8)
-73.233 HSC ver. 5.1 database
Bi BixO3 -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 MINTEQAZ2 ver.4 | -736.781 Calculated from
ZnCOs database Log K: (10.8)
-731.476 HSC database
-1307.5 ?7?
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Equilibrium formation constants for secondary solid phases continued....

Element Species Log K Source AG¢ (kd/mol) Source
-731.476 HSC database
Ba Barite (BaSQy) 8.98 MINTEQA2 ver.4 | -1362.15 Calculated from
database Log Ki
-1347.86 HSC ver. 5.1 database
Witherite (BaCOs3) 8.57 MINTEQAZ2 ver.4 | -1137.65 Calculated from Log K
database
-1135.32 HSC ver. 5.1 database
Cd Otavite (CdCQO3) 12.01 MINTEQAZ2 ver.4 | -674.144 Calculated from Log K
database
-670.53 HSC ver. 5.1 database
As 20.2 MINTEQAZ ver.4 | -1255.8 Calculated from Log K
Scorodite database
(FeAs04.2H20) (scenario 1)
-1307.5 ?7
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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 SO, 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 SO,, thus simplifying their
capture and conversion 1o valuable by-products (mainly sulphuric acid). As a result of increasingly
stringent environmental legislation and improvements in smelter technologies, the capture and recovery

of SO, from off-gases has become a standard unit operation in all modern copper smelter plants.

Matie 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:

e copper-rich maite
The matte is comprised mainly of copper, iron and sulphur with the general stoichiometry
Cu,S.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.

e jron silicate slag
Smelter slags are comprised mainly of silicates of iron (fayalite, 2Fe0.S5i0,) and, to a lesser extent,
aluminium and alkaline earth metals. Oxides of copper and iron (magnetite) are frequently also
present as significant components.

e S0, -rich gas
Apart from S0O,, 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 SO, normally in the form of a sulphuric acid by-
product.
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A survey of available data pertaining to the compasitians of the smeltar output streams (see Appendix
5.1 of Chapter 6], indicates that, as In the case of the early beneficiation stage streams, currently
available data, particularly pertaining to the less cammanly ageurring co-elements, are insuticient and
generally af poar guality.

Similarly, whilst the distnbution behaviour of the targeted metal and majer ore components 12 generally
tairly well Understood, available data pertaining to distnbution of rminér to trace co-elements during the
matte smelting process, as summarised 0 Table 8.1, are limited mainly to commenly ocourring
impurities. Furthermore, whilst it is clear that the matte grade {or extent of oxidation during smelting)
has a significant effect on the distribution of aloments, the extent and nature of the effect appears to
vary in a samewhat erratic manner.,

Table 8.1: Element distributions during smelting of copper sulphide concentrates: Available data

(compiled from Biswas & Davenport, 1934; Hoh et al, 1983; Riveros & Utgard. 2003)

Element apour phase Slag phase htatte phase
55*“*‘-: | 9% 55% ?5% - 55% | 5%
Cumatte Cumatte | Cumatte | Cumatte | Cumatte | Cu matte
—.P-.r'.s,.eﬁlc itz nia e = 42 | 10-17 32 10 26-28
: _Le Al 70 42 10 27 20 31
| Bismuth B{J_ b 48 5 IF 15 i
Zino 40 23 45 BE ' 15 11
kicke| _5 ¢ 3 -45. 27 = 5El N EilY)
Selsaium 20 15 E 45 s § 35 A
Antimany 44 58 a0 17 40 =
Cadmiurm S 4 . 14 g 7
= -;u;i;arcu;‘y - .8‘-3 . 1 = 10
i Pracious metals . - | - 2 44 ' =
Al, alkali metals, - Ik - - majority | miajarity = i =
alkaline earth
metals ‘
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Chapter 8

8.2 Fundamental assessment of element distribution during

smelting

Discussions n Chapter 4 (Section 4.3.2) of the thesis have indicated that the distribution behawviour of
glements during smalling operations will be dictated mainly by their modes of accurrence in the feed
concentrato and the chemical properties and reaclions of such forms under smelting conditions. In the
casc of sulphide matte smclting operations, distribution ot clements between the matle and slag
phascs will be dictated largely by the relative stabilities of their sulphide and axide compounds under
smalting canditions, Elements reporting proetarentially to the matte phase will include those elements
forming stable and non-velatile covalently bonded compounds with “soft” sulphide-type ligands
fincluding tellurides, selenides, and arsenides) andior uncombined metals undes smelting condilions.
Thase elements forming non-volatile ionic compounds with *hard” axide type ligands (including complox
oxides such as silicates and carbonates) can be expected to report preferentially to the slag phase.

Elements formirg volatile compaounds will mainly cocur 0 the vapour phase.

The dominant reaction and distribution pathways du<ing smeiting are illustrated diagrammatically in
Figu~z 8.1,

Smelter inputs Smelter outputs

e MNon-volaliles

¥

tatte phasn

Volatiles

¥

Vapour

Creidation

¥
o
=0
(]
]
=1
o
0
el
o

Mon-volatiles

Slag phasao

iﬂ
3
=
&
&
o
¥

Figurc 8.1: Element reaction and distribution pathways during copper matte smelting

The distribution behaviour of elemants during matte smelting will thus be dictated mainly by:
s thechemical forms of the clements in the ‘eod concantrate

+ therate and extent to which sulphide compounds aqe conveted o oxides or maotals undos smelting

sonditions

s the rate and gxient of valatilisation of stable tarms (sulphides, oxides, uncambined) of the elements
at lypical smellng lempe-atuns
+ The exten: of feed material blow-out into the gas stream

The eftects of these factors on the properties and distribution behaviours of cloments are discussed in
detail in Sections B.21 w0 8.2.3 A detailed example to illust-ate how a gualitative understanding of the
deportment of Zn and Cd during matte smelting of copper sulphide cancentrates can be achieved

2010



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
predominantly as sulphide ore
minerals

A:Cuy,Fe, S

B: Zn, Pb, Mo, As, Sb, Bi, Cd,
Ni, Se, Ge, Ag, Co

C: Tl Hg, TI, In, Re

Matte, slag and/or vapour
depending on the stable forms
under smelting conditions and
volatility of such.

Siderophilic elements occurring
as trace ore components, in
either an uncombined/ native
form or as “ sulphide-type”
compounds

C: Au, PGMs

As above

Lithophilic elements occurring
predominantly as oxides
(including silicates and
carbonate) gangue minerals

B: Si, Al, K, Ca, Na, K, Mg, Ti, P
C: F, Mn, B, Cl, Ba, REE, Rb,
Sr, Zr, V, Li, 8n, Cr, Nb, Ga, W,
Sc

D:Ta, Be, Br, Hf, |, U

Slag or vapour, depending on
the volatility of oxides at
smelting temperature

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

2MS + 30, «» 2MO+2S0,

AG (reaction)=AG’(oxides)- AG{(sulphides)

Equation 8.1
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in complex systems, however, the driving force for the oxidation of any particular minor or trace
sulphide compound will depend on the Gibbs free energy of oxidation for that sulphide cormpourd
relative to that for the major sulphide compounds, viz copper and iren. & plot of standard Gibbs free
energies of oadation for the sulphide compounds of the chalcophilic and siderophilic elements, as
presented i Figure 8.2, Pprovides a measure of the relative stabilities of the axide and sulphide iorms of

these elements.

A E — e ——
- Increasing stabitity of oxide Pt A +
; ' relative to su phide
= |
&1
£ fu Pd M3
T Ir D
D E _afel
< ; Fin ez
-oo- ﬂ w zr He Bi
-
g‘E ' Mo B Fo As In
il %‘ Ga
]
&
';'; Increasing stabiity af sulghida
g l relative to cxide {
& 4

Figure 8.2; Relative stabililles of oxides and sulphide forms of the chalcophilic and siderophilic elements
{Thermodynamic data sourced from Brookins, 1988 Cotton & Wilkinson. 1962; Elliot & Gleiser, 1960-63;
Garrels, 1960; Knacke et al, 1991; Kneen et al, 1872 Lide, 1997: Price, 1008; Woods & Garrels, 1987;
Zeimachk, 1932)

A% indicated M Tale 8.3, chalcophilic slemenis in the sulphide ore concenirate can thus be grouped
aceording to the relative chemical stabilities and behavieurs of their sulphide and oxide forms during
smelting, on the basis of equilibnum thermodynamics under standard steady conditiors, The sulphide
campaeunds of a number of the chaleaphilic elemants nave stahilities which are intermediate between
those of iron and copper. The extent andfer rate of exidation of these sulphides is thus predicted 1o be
nighly dependent on the Cu/Fe ratio in the matte e on the extent of exidation of the major elements.
Linder "weakly "oxidising smeling conditions {process conditions which praduce mattes with relatively
lowe copper grades or high Fe/Cu ratios) these elements will probably ccour in the sulphide form to a
significant extent. The eppesite trend can be expacied under sirenaly oxidising smelting conditions
flhose producing high copper mattes as occur i Noranda and Teniente smelling furnaces), with
significant axidation of sulphides likely 1o accur.
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Chapter 8

frequontly have peculiarand complax stoichiometrios, and are genetally net well understoad, sulphides
reported by Cotton and Wilkinson{1982) to have extensive metal-metal bending include those of Ni, Fe

and Co. Other allay-like sulphides are thaosa of Phoand, to a lossor extent, Zn and Cd,
Fredictions pertaining to the misgibilities or agzeciations of trace te miner chalcophilic clements with
majar matte and slag forming minerals on the basis of 1onic radii, charge densities toxide cempounds)

and metal-metal bonding {sulphide compounds}. are presented in Table 8.4

Table 8.4: Predicted trace to minor element associations with major matte and slag forming elements

Major matte and slag forming Predicted trace to minor elements associations
glemeants - -
Cin the basis of On the basis of the naturn and
lenic radii structure of the sulphide and oxide
compounds

Malte-Phase

S(-) Sef-1I} Set-lTel- s = Shi-||=As(-1}
Gufl) ey, T Mt Coflly= Philli= Znfll). Cd(l)
Slag-Phase e PGMs, In(lh
Fetll}‘<—____% MiCH}, Coflly, Zn{!l) Cuplly, Mg, Callly, Znilly, Bitll)
>cu[n]
Fellll #ﬁi:f | He (W snilv], Mol
: ey
Mafyi1], Shiv). Tedyl)
SifIV] *=—— meil) TeVI}, As(i), Mo\l
,::‘} As(V] ==
AI{III}*““’FFF Gellv), Ta(Wl) Mol IV, SniIvh, AoV}, Shiv)
*Alzo occurs As a majer element in the matte phase [(Fes)

Fredicted miscibilities indicate that Ni, Co and Zn have relatively strong affinifies with both the matte
dnd slag larming clements, nthe oxide and sulphide phases respectively. These elaments gan thus e
cxpacted to detribute across both the matte and siag phases. Zn compounds are. howewver,
considerabtiy more voiatile. and will thus alsa repart to the vapour phase {i.e. Zn will prabably ocourto a
significant extent in all three smeiter output phases). The information in Table 8 4 alsg indicates that the
affinity of the chalcophilic eiements Se, Te, As, Sb, Mo, and Re for the slag farming clements increascs
as their ionic charges or oxidation states increase. The dopartmeant of thase olements to the s'ag
phase, probably in the form of oxyanions, can thus be predicted to inorease relativie ta the matte phase
as the furnace condifions become Increasingly exidising. Oxidation to highor exidation states will,
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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 vapouf
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
s0 in the case of zinc; and significantly so in the case of bismuth, whose oxide is virtually non-volatile.

Sb{)
4 - Oxides
Sulphides

TI(IH)

0 - Ph(l) TI() Te(lV)
& lvBi(”I) e Pb(iMo(V1)
In(i) Be(nCd(h)
-2 1 Zn(lh) sﬂ(“)nn(m)
-3 Mo(V) Ge(lv)
O
4
-4 7 By
Sn (IV)

Vapour Pressure (-log atm)

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: i, Al, K, Ca, Na, K, Mg Ti, | Distribution to the slag phase is expected to be
Mn, Ba, Rb, Sr, Zr, Li, Nb, extensive under all smelting conditions
Ga, W, B, Ta, Cs, Hf, Sc¢, Sn.

Il: Be II Partial distribution to the vapour phase expected
under all smelting conditions

v, Cr HI: Partial distribution to the vapour phase is expected
under oxidizing conditions (volatility of Cr(Vl) and
V(V))

Elements occurring predominantly in vapour phase

| P, halides, Re, Tl i Distribution to vapour phase is expected to be
extensive under all smelting conditions.

Il Cd> As> Pb> Bi> In> Sb> il Partial distribution to the slag and matte phase

Zn expected, with distribution to vapour phase generally
decreasing and o slag phase increasing as conditions
become increasingly oxidising.

Il Ge, Mo Il Partial distribution to slag phase expected, with
relative distributions being dependent on extent of
oxidation

Elements occurring predominanily in matte phase

| Noble metals (PGMs Au, Ag) | | Distribution o the matte phase is expected to be
extensive under all smelting conditions

Il Se, Te il Partial distribution to vapour and/or slag phase
expected, with distribution to matte decreasing as the
smelting conditions become increasingly oxidising

Il Ni, Co ill 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 1o 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(lV) oxide (SeQ;). 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(Vl) oxide, which has a lower
volatility and a higher affinity with the slag forming minerals than Se(lV) 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<< Sh< 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 1o less volatile As(V), Zn(Il), Bi(lll) and
Pb(ll) 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(lll) 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 suiphide 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, Tl 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 >80 <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-Al <5 <5 >90
Si-B
Cr-V-Sn 5-10 <5 >80 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 (i.e. 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 (i.e. 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 8.2); 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 8.1.1); 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.

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

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 undersianding of the key factors governing the properties and distribution behaviours of
elements during ore formation, extraction, beneficiation, and, ultimately, waste disposal. ' h

The development of this understanding, together with the subsequent derivation of criteria and generic
protocols o 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 1o 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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mothods for predicting element distribution and process inventory data in accorgance with the

conceptual approach, criteria and protocols develapaed within Chapters 110 4,

in summary. the generic appreach developed for the prediction of key scld mineral wastes
characterstics on the bpasis of onging and source is assentially comprisaed of twa main proceduoral
framewarks. as illustrated diagrammatically in Figure 9.7,

A: Predicling chentical characleristics

input data & knowledge
et 1 ek s b 3y A i Thecretical unZerstanding ot & emert
' Hstericalfampinza’ data and infarration o dislribulion beFawinu

Preliminary mass balwnee calgulalions perlaining 1o the am mineral groups Jnd aesoiis
elements agross the m ning —bansligialion procsss spslam shain

3
‘l F rst-order predictions of the enrichment. conzentrations and torms of o cments @52in dre deposii s ]
¥

First-coden predic: ons pertaning to the depaorment of individaal #'emants to, ard concartrations
within, are boneficiation stroams

B Identifying key characteristics in terms of environmental significance

Estimalion of hazard potertial fastors in on the basis of tota), anvinnmeantally accogtable and typical
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¥
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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 technigues. 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 gualitative (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 (i.e. data quality is consistent with early design
stage or screening risk assessment requirements in terms of accuracy and cerfainty). 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 impact
prediction studies. More specifically, the generated inventory data can be used to identify and prioritise
potentially strategic constituents'?, 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 -» ore extraction & beneficiation — waste disposal — leachate
generation - 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

2 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



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 robusiness, the study has identified the poor quality (both in terms of accuracy and detail) of
available data pertaining to the parent ore 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 detfailed 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 enbance 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 input/output 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.

(i} 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 development/project 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 perfformance 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 guality and processing penalties.
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