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ABSTRACT

This project concerns the construction and implementation of a conceptual tool 

called EPIGOLD (Environmental Eerformance indication for Gold Recovery). The 

tool represents a novel approach to environmental assessment for gold 

recovery, both in the way that it links environmental burdens to process inputs 

and in the way it integrates the environmental assessment over time.

EPIGOLD is constructed from a series of generic unit process classes that 

represent various alternative lixiviant and process technologies studied as part of 

the research. These include heap and vat leaching, cyanide and one 

alternative lixiviant, roasting and BIOX ore pre-treatment and INCO, Cyanisorb 

and Degussa leach effluent treatment. Each process class is developed from 

empirical and theoretical work completed by other researchers.

EPIGOLD was used to generate a set of environmental assessment scores for ten 

different experimental options, each of which used a different lixiviant and 

process combination considered of environmental significance by the author. 

These scores revealed trends in the environmental performance between 

different systems, particularly the relationship between process performance 

and the associated environmental effects calculated on a per-service basis.

The conclusion reached from these data was that environmental performance 

was strongly influenced by the ore type, but the lixiviant choice was less 

important in optimising performance beyond ensuring efficient leaching of the 

ore. Effluent treatment technologies such as the INCO SO2/AIR cyanide 

destruction process showed that waste treatment could, in some scenarios, offer 

better environmental performance than waste minimisation at source, an 

approach used by the Cyanisorb cyanide recovery technology.
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CHAPTER 1. INTRODUCTION TO THE 
RESEARCH

EPIGOLD (Environmental Performance Indication for Gold Recovery) is an expert 

tool which uses different physical and chemical models to simulate the recovery 

of gold from different ore types. The data generated by these models is used by 

EPIGOLD to produce a set of environmental assessment scores.

This project sets out how EPIGOLD was constructed by describing the 

development of models used to determine the environmental performance of 

mining processes, and the implementation of these models as a software tool.

Chapter 2, Mining and Environmental Performance, discusses how the 

environmental performance of mining and mineral processing can be 

measured. Concepts used as the basis for measuring the environmental 

performance of industrial processes are introduced and the value of measuring 

performance from a 'whole-system' or life-cycle perspective discussed. The 

chapter concludes by examining the environmental effects of precious metal 

recovery, and presenting the key issues to be addressed by the construction of 

EPIGOLD.

Chapter 3, Model Overview, gives an overview of EPIGOLD model construction, 

which is split between the physical and chemical models used to represent each 

system component, and the environmental assessment of the materials and 

energy exchanges generated by the simulation of these processes. Each 

respective section is described in more detail in the following chapters.

Chapter 4, EPIGOLD Process Models, details the construction of models that 

describe: (a) the mineralogy of gold-bearing ores, (b) comminution and 

concentration of ore prior to metal recovery, (c) hydrometallurgical processing, 

and (d) treatment of process discharges. Together these represent the first two 

levels of model development out of a total of five required to describe the
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complete tool. The chapter describes the initial construction of chemical 

models, which in turn are used to construct more complex physical models 

representing ore mineralogy and the various unit operations.

Chapter 5, EPIGOLD Environmental Assessment, describes how the materials and 

energy exchanges generated by the simulation of unit operations are assessed 

using a set of environmental criteria, that include the environmental effects 

associated with gaseous emissions and the toxicity of leach effluent. These 

criteria are used to generate a set of aggregated environmental scores which 

form the Best Environmental Option (BEO) assessment of a given process and 

lixiviant combination.

Chapter 6, Model Implementation, details the implementation of EPIGOLD using 

the software Microsoft Access '97. This was chosen in view of the extensive data 

requirements envisaged during model construction. The chapter starts by 

describing the structure and function of a database, and shows how it is used in 

a hierarchical manner by EPIGOLD to represent each successive unit operation 

included in the conceptual system.

Chapter 7, Results and Discussion, presents the results generated by the model 

for ten different process and lixiviant combinations. Each experiment was 

designed to test a different aspect of the system, including choice of: (a) 

lixiviant, (b) ore type, (c) leaching option, (d) ore pre-treatment option, and (d) 

leach effluent treatment option. The results generated from each experiment 

were used to build an 'environmental profile' of trends in environmental 

performance occurring across the different systems.

Chapter 8, Conclusions and Further Work, draws conclusions based on the 

results, and discusses these in the context of model limitations identified during 

model construction and implementation. Suggestions for future work based on 

the work to date are also presented.



CHAPTER 2. MINING AND ENVIRONMENTAL 
PERFORMANCE

2.1 Chapter Introduction

As our understanding of natural systems improves, it has become clear that 

anthropogenic activities are responsible for many changes to the environment1 

that have occurred during recent history. Concern that such changes may be 

detrimental has prompted greater study of those activities considered to be 

responsible, and interest in ways of evaluating the contribution made by 

activities to environmental change.

Measuring the environmental performance of industrial activities provides a basis 

for future action (Bridge, 1997: l)2, taken to reduce or eliminate those impacts 

considered detrimental. Changes in the environmental performance of a given 

activity can reveal, when used in conjunction with information on process 

economics, whether current technologies represent the Best Practicable 

Environmental Option (BPEO).

This chapter introduces concepts used as the basis for measuring the 

environmental performance of industrial processes, and discusses the value of 

measuring performance from a 'whole-system' or life-cycle perspective. These 

concepts are illustrated by examining mining and mineral processing, the focus 

of this research. Metal-bearing minerals are a significant resource for industrial 

activity, and their extraction represents a starting point for many industrial life

cycles. The environmental issues that characterise mining will be used to illustrate

1 This research concentrates on the natural environment. Changes are therefore observed within one 

or more ecosystems, from which the environment is composed.

2 The notation year.page  is used throughout the thesis.
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some of the limitations of using current life-cycle techniques to measure 

environmental performance.

The chapter concludes by examining the environmental effects of precious 

metal recovery, which are assessed using a novel conceptual tool introduced in 

the next chapter.

2.2 The Basis for Environmental Performance

To describe an industrial system as having 'zero emissions' or no environmental 

impact appears to be a paradox. Although environmental impacts take many 

forms, for example resource use, process emissions and aesthetics of new 

developments, they inevitably exist alongside the activity. Achieving a balance 

between environmental burdens generated by society and the benefits of 

economic growth is referred to as Sustainable Development (SD), defined by the 

World Commission on Environment and Development (WCED, 1987:43) as:

'...development that meets the needs of the present without 

compromising the ability of future generations to meet their own 

needs'.

Hence SD refers to the reduction or, better still elimination of detrimental 

changes to the environment incurred by current economic activity. A strict 

interpretation of SD would require that all non-renewable resources remain 

intact for use by future generations. For example, mineral reserves represent an 

available source of metals for extraction and use during manufacture. As these 

are exploited metals become dispersed in different forms, such as product 

components or scrap. Strict SD would require that all metals extracted from 

mineral reserves remain available for future generations.

A less strict interpretation of SD is pragmatic in acknowledging that so-called 

'natural assets' may be consumed in exchange for economic development. 

Turner, Pearce & Bateman (1994:55) refer to these different interpretations of
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sustainability as 'strong' and 'weak' SD. Because the latter allows the trading of 

different environmental or economic 'benefits' it is possible to have activities 

with a zero net environmental burden if the benefits of economic development 

balance the environmental consequences of that development.

2.2.1 Improving Performance

Producing 'more for less', or reducing the per-unit environmental burden of 

industrial activity increases the efficiency with which resources are consumed. 

Changes in management practice and technology choice may both result in 

improvements in environmental performance. Although the former is 

acknowledged, this research concentrates on optimising environmental 

performance through technology choice. This is achieved by introducing 

technologies that result in Cleaner Production, a concept defined by the United 

Nations Environment Program (UNEP) as (Clift, 1995:320):

'...a conceptual and procedural approach to production that 

demands that all phases of the life-cycle of a  product or of a  process 

should be addressed with the objective of prevention or minimisation 

of short and long-term risks to human health and the environment'.

Cleaner Production emphasises the importance of examining the whole 

industrial life-cycle in order to prevent ‘problem shifting', a change in technology 

introduced to reduce a specific environmental burden at the cost of increasing 

another burden elsewhere within the system.

The relationship between Cleaner Production and technology choice is more 

complex. Cleaner Production is different from the concept of Clean Technology, 

which Clift (1995:321) writes is:

’...a means of providing human benefit which, overall, uses less 

resources and causes less environmental damage than alternative 

means with which it is economically competitive'.



6 MINING AND ENVIRONMENTAL PERFORMANCE

Hence Clean Technology places a priority on reducing waste production at 

source as a means of improving environmental performance in addition to the 

management of environmental effects. This concept is illustrated in Figure 2.1 to 

distinguish between Clean Technology and Cleaner Production (adapted from 

Clift & Longley, 1995:174).

Frontier of technological 
performance

&Oo
CLEANER PRODUCTION

S
CLEAN TECHNOLOGY

I
u .

ENVIRONMENTAL DAMAGE COSTS

Figure 2.1 Technology choice and environmental performance.

The current environmental performance of an industrial process is represented 

by the curved plot. This shows the hypothetical relationship between 

environmental damage costs and financial costs of the process. Environmental 

damage can be reduced at increased cost, for example more stringent end-of- 

pipe abatement of process emissions. If in Figure 2.1 the current environmental 

performance measurement is given as point B, additional pollution abatement 

may move environmental performance up the curve to point A. In other words 

the process has become 'cleaner'. As the process technology reaches inherent 

limits of efficiency, further improvements in performance are achieved at 

increasing financial cost.
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Clean Technology improves environmental performance for a given financial 

cost by improving resource-use efficiency. The new more efficient technology 

produces less waste and therefore reduces financial costs associated with its 

remediation. A change in the relationship between environmental damage and 

the financial cost of remediation is represented by the green arrow in Figure 2.1. 

The application of Clean Technology is synonymous with the concept of Waste 

Minimisation, defined by the United Kingdom Environment Agency (EA) as 

'...reduction of waste at source' (EA, 1997a: 15). The hierarchy of waste 

management options proposed by the European Union resolution on Waste 

Policy ranks waste prevention as the preferred option followed by minimisation, 

recycling and disposal. These options have been expanded by Crittenden & 

Kolaczkowski (1995:5) to produce a hierarchy of waste management practices, 

and are used in Figure 2.2 (after Hopper, Yaws, Ho & Vichailak, 1993:4) to 

illustrate the relationship between Waste Minimisation, Cleaner Production and 

Clean Technology.

WASTE MANAGEMENT PRACTICES
HIGHER PRIORITY LOWER PRIORITY

r . . .  ! ! -|
ELIMINATION REDUCTION AT SOURCE RECYCLING TREATMENT DISPOSAL

CLEANER PRODUCTION

^ B ^ ~ w^ teM nimisatiqn M
B E A N  TECHNOLO g H

Figure 2.2 Waste management practices.

Crittenden and Kolaczkowski's hierarchy is shown with the highest priority 

practices on the left. Waste minimisation is concerned with the first three waste 

management practices, that is elimination of waste, reduction of waste at 

source and recycling of waste. This is more selective than Cleaner Production,
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which spans the entire hierarchy to include treatment of waste and disposal. 

Both of the latter options may be included if, by effective management of 

waste, detrimental environmental effects are reduced. Clean Technology is 

represented in Figure 2.2 as a subset of Waste Minimisation, given the inference 

that waste is not produced by a truly 'clean' technology; waste management 

by recycling represents a 'cleaner' rather than 'clean' technology.

2.2.2 The Best Practicable Environmental Option

When a given environmental assessment highlights several techniques that may 

improve environmental performance, economic or technological criteria may 

conflict with preferred waste management options. A technique ranked as a 

lower priority by a given hierarchy may represent the most realistic option when, 

for example, alternatives require expensive installation of new capital 

equipment.

Within the United Kingdom legislation these issues are addressed by specific 

terminology introduced within the Environmental Protection Act (1990)3. The 

need to optimise environmental performance with respect to other operating 

criteria is recognised by the acronym BATNEEC, representing 'Best Available 

Techniques Not Entailing Excessive Cost'. Processes with this classification offer 

'...superior reductions in harmful emissions to the environment at a cost in 

proportion to the reduction in environmental damage offered' (EA 1997a:5). 

Consequently they are regarded as the current Best Practicable Environmental 

Option (BPEO), defined as:

3 The system of Integrated Pollution Control (IPC) was introduced by Part I of the Act, and is used to 

control releases from prescribed Industrial processes, ensuring compliance with relevant EC directives 

on pollution control (EA 1997a:5). In 1996 the European Union Introduced a  directive on Integrated 

Pollution Prevention and Control (IPPC), which aims to prevent or reduce emissions to the 

environment via the Introduction of Best Available Technology (BAT). This Is equivalent to, and 

complements, BATNEEC.
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'...establishing, for a given set of objectives, the option that provides 

the most benefit or least damage to the environment as a  whole, at 

acceptable cost, in the long term as well as the short term'.

While many of the industrial processes described within this research are 

operated outside UK legislation, these terms can still be usefully applied to 

describe technology choice within the mining industry. Process economics in 

particular constrain the use of alternative technologies that, while improving 

environmental performance, increase the cost of metal recovery. Precious metal 

recovery is particularly sensitive to fluctuations in commodity value, given its 

reliance on a high market price to economically justify the exploitation of 

deposits with an average world-wide grade of 3.3 grammes per metric tonne4, 

and the long periods of exploration and site development that occur before 

metal recovery starts. This contrasts with less valuable metals exploited at 

concentrations many orders of magnitude higher; for example Wills (1997:4) 

gives the example of iron ore with a metallic content of 15 percent which may 

be considered 'low grade'.

4 Gold mass Is measured in Troy Ounces. These equal 32 grammes, so this grade Is equivalent to 0.1 

Troy Ounces per metric tonne.
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Figure 2.3 Fluctuation in gold price 1984-99.

The recent significant drop in gold market prices (illustrated in Figure 2.3) has in 

this context placed constraints on technology choice, limiting alternatives to 

those that maintain the cut-off grade below the metallic grade of the ore body5. 

This reduces options that may be considered by the mining industry to be 

BATNEEC.

2.3 Environmental Life-Cycle Assessment

Cleaner Production and Clean Technology require environmental performance 

to be assessed from a life-cycle perspective. Environmental Life-Cycle 

Assessment6 (LCA) is a methodology developed to achieve this. It assesses

5 The economic viability of mineral recovery can be expressed as the contained value of the ore 

deposit, referring to the net value of metal content within the deposit after all recovery costs are 

taken into account. The point at which the contained value of the ore equals the costs of recovery Is 

known as the cut-off grade, or the point beyond which exploitation is no longer profitable.

6 Ufe-Cycle Analysis (also abbreviated to LCA) is a term used within a  number of disciplines to 

describe a holistic or 'whole-system1 approach to a particular problem. For example, 'life-cycle 

costing' (the evaluation of all financial costs associated with a project from conception to 

completion) and 'life-cycle engineering' (product or process design which evaluates criteria from 

manufacture through consumer use to post-consumer disposal or recycling). Environmental
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environmental burdens attributed to products, processes or activities across their 

entire life-cycle, from extraction and processing of raw materials; through their 

manufacturing, transportation and distribution; to their use, re-use and 

maintenance; and finally to recycling and disposal (Consoli, Allen & Boustead, 

1993:4). Thus LCA is an evaluation of economic activity and the environmental 

consequences of that activity.

The Society for Environmental Toxicology and Chemistry (SETAC) has been 

instrumental in the development of LCA methodology. The original definition 

(Consoli et al, 1993:5) is still widely accepted:

'(LCA is)...a process to evaluate the environmental burdens 

associated with a  product process, or activity by identifying and 

quantifying energy and materials used and wastes released to the 

environment; to identify and evaluate opportunities to affect 

releases to the environment; to assess the impacts of those energy 

and material uses and releases to the environment; and to identify 

and evaluate opportunities to affect environmental improvements.1

Thus there are three distinct components:

1. a comprehensive mass and energy balance used to quantify materials and 

energy inputs required by each unit process that pass from and return to the 

receiving environment;

2. techniques used to assign components of the mass and energy balance to 

impact categories, which are then weighted using environmental indices;

3. a review to determine where significant impacts occur within the system, 

and to identify opportunities for reducing those impacts.

considerations are not necessarily Implicated by use of this terminology, which leads to some 

confusion between Ufe-Cycle Analysis and Its environmental counterpart. Environmental Ufe-Cyde 

Assessment. Throughout this research the abbreviation 'LCA' refers to the latter.
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LCA differs from other forms of environmental assessment by taking a 'whole- 

system' perspective of environmental performance. It achieves this by allocating 

environmental impacts to the economic product produced by the system, 

which is referred to as the functional unit. In the context of manufacturing, this 

may be the product (or more specifically the function of that product), while in 

extractive industries this may be output from concentrators or refineries. This is 

referred to as environmental performance on a ‘per service basis' (Consoli et al, 

1993:13), or the environmental burden per unit of economic activity.

2.3.1 The System

A life-cycle follows the movement of a given economic product through an 

industrial system. Complete life-cycles can be identified and these are 

commonly termed cradle to grave7. For example, the life-cycle of a metal 

extends from extraction through primary processing, refining, manufacture, 

consumer use, returns via recycling loops and ends finally at disposal8. While 

these provide a useful holistic view of an industrial system, it is more pragmatic to 

concentrate on one component of that life-cycle in order to reduce data 

requirements. These studies are termed cradle to gate (Stewart & Petrie, 

1999:154) and assess fewer unit processes at a greater level of detail. 

Environmental burdens attributed to the product downstream of the 'gate' are 

discounted, facilitating a more thorough study of the components of interest.

A system is delineated from its immediate environment by a system boundary. 

The system contains '...a collection of materially and energetically connected

7 The ‘cradle’ Is literally taken to mean the starting point of product manufacture, for example raw 

materials extraction. The ‘grave’ Is analogous to an environmental ‘sink’, representing final disposal.

8 It Is Important to note that the geological life-cycle of the metal is not considered here. These 

processes are responsible for the continuous cycling of metals separated from mineral components 

which eventually form new mineral deposits, and occur over millions of years. See Section 2.4 for 

further discussion of the different mining life-cycles.
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(unit processes)...which perform some defined function' (Consoli et al, 1993:14), 

and LCA is concerned with the total burden placed by these unit processes on 

the environment. Figure 2.4 illustrates this concept.

SYSTEM ENVIRONMENT 
SYSTEM BOUNDARY \

OBSERVED 
ENVIRONMENTAL EFFECT

OBSERVATION 
& VALUATION

UNIT PROCESSES
SYSTEM INPUTS SYSTEM OUTPUTS

Figure 2.4 Observation of environmental effects.

System activity (the sum of materials and energy flows across the system 

boundary) places a load on the assimilative capacity of the immediate 

environment, which may result in an observable change9 in the functioning of 

one or more ecosystems within the environment. Within the context of this 

research, these changes are referred to as environmental effects. Their 

observation is represented by the vertical arrow in Figure 2.4.

The mechanisms by which environmental effects occur are extremely complex. 

Indices used to characterise environmental effects (see Aubrey, 1998 and Elliott, 

1997) typically distinguish between: (a) media type into which the release 

occurs, and (b) behaviour of the emission within the specific media in order to 

produce realistic predictions of environmental fate. Effects relying on biological 

phenomena depend on many factors, not least the species in which the effect is

9 It is appreciated that there may be a significant delay between 'cause and effect', particularly 

where the effect is observed in species only after successive generations have been exposed to the 

industrial activity. EPIGOLD does not currently weight delayed environmental effects differently from 

those that occur immediately after the associated system activity.
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observed and the ecosystem niche within which the species is found. Hence the 

magnitude and type of effect is highly site-specific. Consequently, many 

biological phenomena are assessed using the No Observable Effect (NOE) 

threshold. This discounts burdens that models predict will fall below the NOE 

value, for example the World Health Organisation (WHO) maximum 

recommended exposure limits used within many life-cycle studies to predict 

effects on human health.

Some effects can be calculated directly from chemical properties making their 

prediction more straightforward. Global Warming Potential (GWP) is one 

example where the application of equivalency factors (see Section 2.3.3) is 

accepted, for example see the data used for BPEO assessment by the EA 

(1997a:23). Single factors can be used to represent the contribution of gases 

dispersed throughout the atmosphere to global warming. These data have been 

confirmed empirically and can be applied directly to anthropogenic emissions 

as a measure of GWP.

Society may place a valuation on a specific environmental effect; within this 

research an effect that has been weighted using a valuation technique is 

referred to as an environmental impact. Impact valuation is inherently 

subjective, and inclusion of this component within an LCA remains controversial. 

The perception of environmental impacts is dependent on their spatial and 

temporal location relative to society, as well as the perceived benefit/dis-benefit 

associated with that impact. Hence one description of 'pollution' is an 

environmental effect occurring in the wrong place at the wrong time.

2.3.2 LCA Methodology

SETAC originally proposed the division of LCA methodology into: (a) quantifying 

the materials and energy flows across the system boundary, (b) assigning flows 

to categories of environmental impact, (c) modelling the behaviour of the 

impact categories within the environment, and (d) placing a valuation on the
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importance of each impact. These stages were described as (Consoli et al, 

1993:11):

1. Goal Definition and Scoping, an ongoing process of adjusting study 

boundaries, used to determine data collection requirements.

2. Life-cycle Inventory Analysis (LCI), a quantitative assessment of material and 

energy flows that occur between unit processes and across the system 

boundary.

3. Impact Assessment, classifying the contribution of material and energy flows 

using predefined environmental burdens, and characterising the behaviour 

of those burdens within the receiving environment. Impact Assessment also 

includes Valuation, referring to the use of economic or societal valuation 

techniques to weight environmental effects.

4. Improvement Assessment, a review of results in order to identify those points 

within the system that contribute significantly to the overall environmental 

burden, and to identify opportunities for reducing that burden.

This classification is still broadly accepted, although there have been some 

changes in terminology and the order in which components are applied within 

the study. The International Standards Organisation (ISO) 14040-series of 

standards on LCA proposed several changes to the SETAC methodology, in 

particular to components within Impact Assessment. Figure 2.5 illustrates these 

changes as compared to the original methodology.
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Figure 2.5 Progression of LCA methodology.

SETAC originally divided Impact Assessment into Classification of environmental 

burdens, Characterisation of burden behaviour and Valuation of burden 

significance. ISO 14042 proposes a new component Selection and Definition of 

Impact Categories to precede Assignment of LCI Data (previously Classification). 

This requires that choice of impact categories are justified, making the rationale 

more transparent. Characterisation is now termed Category Modelling, and 

Valuation, Category Weighting. The British Standards Institute (BSI) recognises, 

more controversially, that '...not all elements are required for every application' 

(BSI, 1997:5). Practically, so-called Streamlined life-cycle studies that concentrate
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on LCI and the initial components of Impact Assessment are used where 

economic valuation of environmental effects is not required.

2.3.3 Example Calculation of Environmental Effects

One component from a typical mining operation is used to illustrate how LCA 

calculates environmental effects from process data. Figure 2.6 illustrates a 

hypothetical two-stage crushing and grinding circuit used to reduce run-of-mine 

ore (typically -1 metre in diameter) to a sized product suitable for mineral 

processing10.

Two energy sources have been chosen arbitrarily for the circuit. In reality power 

choice depends on a number of factors, including site and plant location. For 

example, a remote site may use its own electricity generation plant. Mobile 

crushers above ground would be expected to have their own independent 

power supply (typically diesel), while primary crushers sited underground may 

use electricity to reduce the ventilation load in the mine itself.

In this example ore passes from a diesel-powered primary crusher to a grinding 

circuit powered by grid electricity. The system boundary has been placed 

around the two size reduction processes, although these accept inputs from 

systems geographically separate from the mine site. Because the primary crusher 

combusts diesel on-site, burdens are shown originating across the system 

boundary. The environmental burdens associated with petroleum production 

(represented by the grey box marked 'diesel fuel') are discounted. Although 

emissions associated with grid electricity generation occur outside the system

10 It should be recognised that because the ore size reduction ratio required is typically 8:1 and that 

achieved by crushing and grinding is usually no more than 5:1 (Hayes, 1993:51), a  circuit will In 

practice comminute ore using a number of machines In series. Oversize ore would be returned for re- 

crushlng as part of the circulating load. The latter has the additional function of smoothing size 

variations In the feed ore as the run-of-mlll ore Is mixed with the comminuted ore. This reduces the 

potential for machine stoppages.
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these are counted in the assessment, given the power consumption during ore 

grinding. This basic principle is widely applied in life-cycle assessments where so- 

called 'secondary systems' contribute significant environmental burdens as a 

direct result of activity in the system being studied.

DiESEL FUEL

POWER GENERATION

I
•Methane 
•Sulphur dioxide 
•Carbon dioxide 
•Nitrogen dioxide

Run-of-mine ore

Boundary

CRUSHING

GRINDING

Sized ore

•PM-10 particulates 
•Sulphur dioxide 
•Carbon dioxide 
•Nitrogen dioxide

Figure 2.6 Simplified crushing and grinding circuit.

Environmental burdens are calculated with respect to the product produced by 

the system, in this case sized ore. For the example a functional unit 'per kilogram 

of ore sized to -lxl0-°2 metres' was chosen11. Table 2.3 shows the initial data for 

grid electricity and diesel emissions that need to be adjusted to this unit. Data 

have been adapted from two sources: a report by the United States 

Environment Protection Agency on diesel combustion (USEPA, 1995) and by the 

Department of Trade and Industry on grid electricity generation (DTI, 1997:217). 

Only four emissions categories have been selected for simplicity; the complete 

data set used in this research is given in Appendix J.

11 This value has been chosen purely to illustrate the calculation of environmental burdens; data used 

later in the research are taken from values published for operating mines, for example see the 

cyanide vat leach described in Section 7.3.7.1.
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Table 2.1 Diesel and grid electricity emissions.

DIESEL ELECTRICITY

Emission kg.MJ-1 kg.MJ-1

CH4 0 8 .0 0 x 10*06

CO2 0.07 0 .0 2

NO2 1.89x10*03 1.58x1 a**

SO2 1.24X10*04 5.10x1a04

Making assumptions about process efficiency and the physical properties of the 

ore allows the emissions figures to be adjusted to the functional unit. Wills 

(1997:113) provides sample data for various ores based on the empirical work 

index proposed by Bond (1952). Assuming the run-of-mine ore in the example 

has similar physical properties to limestone, its work index could be 13kWh per 

short tonne12. Equation 1.1 is derived from Bond's theory of comminution13 (see 

Bond, 1952:486 and Section 4.7.2 for the derivation) and can be used to 

calculate the energy input required to reduce ore from a given feed size to the 

product size.

W

where: W is the work input to a machine reducing material from a 

definite feed size to a definite product size (MJ.kg-1);

W  is the Bond work index (kWh.short tonne*1);

12 The short tonne equals 907kg and provides a universal measure of ore mass. This avoids the need 

for international operations to convert between the Imperial ton used In North America and the 

Metric tonne used In Europe.

13 Bond's theory has been used as the basis of calculations here given the wide availability of Bond 

indices for different ore types. Although communication with Industry has Indicated that more 

sophisticated (proprietary) models are used for calculating energy inputs, the Bond index is still 

quoted In published data for operating mines as a guide to ore grindability (for example, see Powell 

1999:19).

= W rvu-vDi /lx ic r4 3.6
907

(Equation 2.1)
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Lf is the feed size (m);

Lp is the product size (m).

Assuming a run-of-mine feed size14 of -0.75m and a product size of -0.1 m:

W = 1.04xl0_O3MJ.kg'‘

Hence each kilogram of ore requires l^x lO -^M J of crushing energy. It is 

important to note that, because this figure is calculated from Bond's empirical 

data, it includes mechanical inefficiencies inherent in the processes of crushing 

and grinding. However, in this example we are interested in the emissions that 

result from power consumption. Each unit process will have additional 

inefficiencies in converting power input into crushing energy, for example within 

the diesel engine providing power to the crushing machinery.

This example makes some assumptions concerning feed and product sizes and 

power conversion efficiencies. If the primary crusher has a feed size of -0.75m 

and a product size of -0.2m the size reduction ratio will be 3.75:1. If the crusher 

converts power into crushing energy with an efficiency of 60 percent, the power 

consumption will be:

W = 7.15xlO-05MJ.kg-1

The calculation can be repeated for the second stage, with a feed size of -0.2m 

and a product size of -0.1m. This gives a size reduction ratio of 2:1. If the power 

conversion efficiency is 70 percent, then:

(Equation 2.2)

(Equation 2.3)

14 A negative prefix before the ore size indicates that the given dimension is the maximum ore 

particle size that the machine would be expected to crush. Smaller ore particles would normally be 

expected In the feed as well.
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W = 13rrvoi-voTi /lxlO"4Li J V o.l X X 0/7 (Equation 2.4)
J J

W = 6.83xlO~04MJ.kg'1

This information can b© used to adjust data originally given in Table 2.1 to 

calculate the emissions per kilogram of ore comminuted to -0.1m. The adjusted 

data for each stage is given in Table 2.2. It shows the mass of each component 

emitted per kilogram of comminuted ore.

Table 2.2 Emissions adjusted to the functional unit.

STAGE 1 STAGE 2

Emission kg emission, kg ore-1 kg emission, kg ore-1

CH4 0 5.46x10-09

CO2 5.5x10 06 1.32x1 O'05

NO2 1.35x1 O'07 I.O8 XIO-07

SO2 8.89x10-09 3.48x10-07

LCA assigns materials and energy flows to impact categories in a step called 

Data Assignment (or Classification). The impact category determines which 

media the system burden will be attributed to, and the extent to which the 

receiving environment will be affected. Examples of impact categories listed 

within the ISO standard on Impact Assessment (14042) include global climate 

change, eutrophication and resource depletion. The number and choice of 

impact categories will depend on the study objectives. Because the example is 

concerned with energy inputs during ore size reduction, it is appropriate to use 

impact categories for the associated emissions. Three have been chosen: (a) 

Global Warming Potential (GWP), (b) Acidification Potential (AP) and (c) 

Photochemical Ozone Creation Potential (POCP); the chemical mechanisms 

behind each category are discussed in Section 5.3.1. Table 2.3 shows emission 

factors from the UK IPC guidance notes (EA, 1997a:61-65) for each impact 

category. More than one entry indicates the emission makes a cumulative 

contribution to the system environmental burden.
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Table 2.3 Impact category emission factors.

Emission GWP AP POCP

CH4 21 0 3.4

CO2 1 0 0

NO2 310 0 2.8

SO2 0 1 4.8

Category Modelling (or Characterisation) translates the environmental burden 

represented by the impact categories into environmental effects, by using 

physical or biological models to predict the behaviour of the receiving 

environment for each of the impact categories. As discussed in Section 2.3.1, 

prediction of this behaviour is complex. Boguski, Hunt, Cholakis & Franklin 

(1996:230) classified models proposed by LCA researchers into four categories:

1. Loading, the assumption that there is a linear response between the physical 

quantity of the chemical released and the environmental effect. This model 

type makes calculations relatively straightforward, but has obvious 

drawbacks. Few environmental responses to pollution, for example species 

toxicity, are linear and many compounds act synergistically to change 

effects created by a single pollutant alone. This limits the use of loading 

models to comparing systems with outputs of a similar chemical composition, 

when the output quantity has greater relevance.

2. Equivalency, a common 'function' used to describe an environmental 

effect, and the weighting of environmental burdens with respect to this 

function. This technique has been successfully applied to atmospheric 

emissions using equivalency factors such as GWP and POCP referred to in 

Section 5.3.1. The environmental mechanisms associated with the AP are 

more complex, and for the purposes of this example an arbitrary AP value of 

1 is used. The AP is discussed further in Section 5.3.1.3.
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3. Inherent Properties, the us© of specific chemical properties to predict the 

behaviour of emissions within the receiving environment. These suffer from 

similar problems to equivalency factors; those calculated from single 

variables have been more successful than factors that represent a number 

of Interdependent variables.

4. Effect models, deterministic models used to simulate the interaction of 

emissions with components of the surrounding environment. Simulations are 

limited by the quality of the data used to define the system, and the 

algorithms that calculate component interactions.

Equivalency factors given in Table 2.3 can be used to weight the emissions 

calculated to give weighted emissions per kilogram of ore crushed. Table 2.4 

gives the results.

Table 2.4 Weighted emission by kilogram of ore crushed.

STAGE 1 STAGE 2

Emission GWP AP POCP GWP AP POCP

c h 4 0 0 0 1.15x100? 0 1.86x1008

co2 5.5x1006 0 0 1.32x1005 0 0

n o 2 4.19x1005 0 3.78x10 °7 3.35x10 05 0 3.02x1007

so2 0 8.89x10 09 4.27x1008 0 3.48x1007 1.67x1006

These data illustrate how characterisation of environmental burdens by LCA 

facilitates interpretation of energy consumption for each of the impact 

categories. The difference in the effect scores for stages one and two are a 

function of: (a) the type of input power, (b) the different unit process efficiencies 

and (c) the change in useful crushing energy required for each step in size 

reduction. It is possible to make comparisons of the relative environmental 

effects generated by each unit process at this stage, although further data 

manipulation, for example normalisation (comparison of scores against industry
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or national averages to determine whether process emissions are significant) 

may be required.

2.4 The Mining Life-Cycle

The term 'mining' is used broadly to describe the entire spectrum of activities 

associated with recovery of minerals that concludes with the production of a 

metallic commodity used in primary manufacture. Ripley, Redman & Crowder 

(1996:10) divide mining activities into six stages:

1. Exploration, involving various geophysical and geochemical techniques to 

locate and delineate promising ore bodies.

2. Development, putting in place the necessary capital equipment and 

infrastructure used to exploit the ore body.

3. Extraction, the physical removal of ore from the site which will also include 

some initial processing (for example, crushing or washing the ore).

4. Mineral Processing, (also known as milling and ore dressing), the physical 

processing of the ore to separate economically significant minerals from 

waste or gangue minerals.

5. Metallurgical Refining, the chemical separation of economically significant 

metal(s) from other constituents.

6. Closure, the decommissioning of the mine site returning it to an undisturbed 

state or to a useful alternative. Continued post-closure activities such as 

pumping out water from mine workings may prolong this phase beyond 

surface restoration.

Ripley et al's classification can be further divided into processes that relate to 

the life-cycle of the mine as opposed to the life-cycle of the mineral. Stages 3, 4 

and 5 refer to extraction of minerals and recovery of metals within the ore that 

occur during operation of the mine, while the other stages occur over the life of
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the mine from development through operation, closure and post-closure 

activities. It is important to distinguish between the two life-cycles as the suite of 

environmental effects associated with each is different. This research is 

concerned with the operations carried out during the exploitation of mineral 

reserves, and these activities are described in the following sections.

2.5 Mining and Mineral Processing

The concentration of metals and metallic minerals found naturally within the 

earth's crust is generally low; only three metals of importance to industry 

(aluminium, iron and magnesium) are present in concentrations above 2 

percent. Geological mechanisms are responsible for fluctuations in these 

concentrations; areas where one or more minerals are found at economically 

significant levels are referred to as ore deposits.

The techniques used to extract /  recover the metal and the metallic content of 

the ore are important factors influencing the contained value of the ore. Where 

this figure is low, suitable low-cost extraction and recovery techniques may raise 

the ore's contained value above the cut-off grade; tin deposits very close to the 

surface at concentrations as low as 0.01 percent (compared with a world 

average grade of 1 percent) are worked profitably in South East Asia using 

alluvial methods of recovery; the high degree of liberation exhibited by these 

unconsolidated river sediments reduces the need for extensive mineral 

processing and hence lowers the cut-off grade. This contrasts with the deep pit 

mining of gold deposits within South Africa, operations that are supported by the 

high contained value of the ore.

2.5.1 Mining Techniques

Warhurst (1999:30) broadly classifies operations as being one of three types: (a) 

surface, (b) underground, and (c) in-situ or solution mining. The former two 

characterise the majority of operations; in-situ exploitation of minerals refers to



26 MINING AND ENVIRONMENTAL PERFORMANCE

the pumping of chemical solutions into deposits to directly extract metals, and 

has limited application. The choice of mining operation selected during the 

development phase of the mine life-cycle depends on a complex set of factors, 

for example geophysical (size, shape and location of the ore body relative to 

the surface) and economic (capital costs, maintenance costs and costs of 

closure /  post-ciosure treatment of mine wastes).

Underground mining is initiated by the excavation of adits and shafts from which 

the precise distribution and mechanical properties of the ore and surrounding 

rock can be determined. This will influence the mining method used to excavate 

the ore. Ripley et al (1996:15) identify two types: (a) open, and (b) filled stoping. 

When the rock is strong enough to support excavation of cavities created by 

blasting and drilling, open stopes are left after the operations move on. The latter 

refers to the practice of filling the stopes with, for example, waste rock or tailings 

from the mill. This may be either to facilitate further mining or to reduce risk of 

subsidence after the area is mined out. Blasted rock (referred to as muck) 

generally undergoes preliminary processing (such as size reduction) before being 

transported via hoist, conveyor or truck to a surface stockpile.

Ripley et al (1996:19) identify two types of surface mining operations that can be 

used on ore bodies that lie close to the surface: (a) open pit mining and (b) 

open cast or strip mining. Both may require the removal of large quantities of 

overburden (non-mineralised soil and rock above the ore deposit) and waste 

rock (material containing mineral concentrations below the cut-off grade). 

Open pit mining in particular (employed on ore bodies with an irregular or 

dipping shape) produces large quantities of waste rock.

Open pit mines use a series of terraces or benches connected by ramps that are 

progressively deepened as the ore body is exploited. Ore is extracted by truck or 

train that use the benches and ramps as a roadway up to the surface stockyard.
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Strip mines are used to exploit large more regular deposits closer to the surface. 

Ore Is excavated sequentially via a series of strips with waste and overburden 

replaced after each strip is excavated. Hence an operational mine will have two 

strips being worked at any one time: the first with ore being removed from it and 

the second being back-filled.

When minerals lie close to the surface in unconsolidated deposits it is possible to 

extract the mineral using alluvial mining techniques. The deposit is recovered 

directly via mechanical scraping or hydraulically using high-pressure water jets 

(monitors). This type of operation is relatively cheap compared with other types 

of surface mining, and can be used to economically recover ores of very low 

contained value.

The line between underground and surface mining can be blurred when ore 

bodies are exploited by a combination of the two methods. However, it is 

generally accepted that commitment to underground mining is more expensive 

(requiring a significant outlay in equipment and infrastructure), less flexible (a 

network of tunnels have to be excavated to reach the mineral deposits) and 

carry higher risks for workers. When ore bodies lie close to the surface, flexible use 

of heavy earth-moving equipment can generate high productivity and therefore 

achieve a greater economy of scale.

2.5.2 Mineral Processing

Most operations require an intermediate step between extraction and 

metallurgical refining to concentrate the as-mined ore (i.e. the state in which the 

ore is extracted), before transportation or further refining. The useful end product 

of this stage (usually produced by a mill on-site) is a mineral concentrate with a 

significantly increased metallic grade. This makes bulk transport off the mine site
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(if necessary for further refining) more economical and enhances the efficiency 

of downstream metallurgical techniques15.

Hydrometallurgical recovery is one of the few techniques that does not require 

intermediate processing of the ore. In this case the metal-rich leachate can then 

be treated as mineral concentrate and used as a feedstock for further refining.

Mineral processing is divided into two stages, illustrated in Figure 2.7: (a) 

comminution, the size reduction of ore particles by crushing and grinding, and 

(b) concentration, the physical separation of the ore mineral components.

RUN-OF-MINE ORE

4  CRUSHING |

Oversize return

SCREENING

Middlings return 
& circulating load

•T  GRINDING

CLASSIFICATION I

Oversize return

MAGNETIC, CHEMICAL AND GRAVITY SEPARATION

THICKENING

THICKENED
CONCENTRATE

TAILS

Figure 2.7 Mineral processing overview.

2.5.3 Comminution

Ore may undergo some primary crushing in the mine to facilitate transport of the 

ore to the stockpile in preparation for milling. After entering the mill, the ore

15 In important limitation of this research is that economic factors such as captial and operating costs 

are not included In the assessment of mining processes. It is recognised that economic factors are 

implicit within the definition 'BPEO' described in Section 2.2.2, which is why this research is limited to 

considering the BEO from a given set of process options.
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undergoes further crushing and is then sized using a series of screens. Oversized 

ore pieces are recycled within the crushing circuit while pieces below a set 

maximum size form a coarse feed which passes to the grinders. Water is added 

and the ore ground to fine slurry using rod and ball mills. A series of classifiers sort 

the ore particles and, depending on the required particle dimensions, may 

return the slurry to the mills to be reground.

The objective of comminution is to liberate the valuable mineral(s) from the 

accompanying gangue minerals before separating them. This process is 

influenced by ore mineralogy. For example, ores containing a high clay content 

can withstand extensive plastic deformation and therefore are harder to crush 

than brittle ores.

Cleaving particles along grain boundaries will liberate the valuable minerals from 

the gangue. Particles that have been sheared across boundaries will contain a 

combination of both components, and these are known as middlings (Wills, 

1997:16) which can only be physically separated from the valuable minerals by 

further grinding. As ore is reground the average particle size decreases. This 

liberates more of the valuable mineral from the gangue, but at a higher energy 

cost. Excessive grinding results in the production of slimes - particles too small to 

be separated which are eventually discarded in the tailings. Hence 

comminution, which uses between 40 and 60 percent of the total energy 

consumed during mineral processing (Wen, Hsih & Kuan, 1996:216) is subject to 

the trade-offs between liberation and energy consumption illustrated 

qualitatively in Figure 2.8.
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A verage particle size

Values liberated

Values lost to tails

Comminution energy consumed

Figure 2.8 Comminution trade-offs.

2.5.4 Mineral Separation

After comminution liberated minerals are concentrated by unit processes which 

separate the various mineral phases. These processes exploit differences in the 

characteristics of each mineral phase. Wills (1997:42) lists five physical properties 

utilised by separation processes: (a) particle size, (b) mineral density, (c) 

magnetic properties, (d) electrical properties, and (e) surface chemical 

properties, which are summarised in the following sections.

2.5.4.1 Particle Size

The mineralogy of an ore determines its resistance to crushing and grinding 

during comminution. Hence an ore containing a combination of 'hard' and 

'soft' minerals will be comminuted at different rates. This characteristic can be 

used to initiate separation of the ore, although varying particle density will result 

in a certain proportion that will be misplaced after sorting (for example, small 

dense particles separating out with larger particles of the same mass).

2.5.4.2 Particle Density

Different minerals within the generally have different densities -  a property that 

can be used to separate the ore into different streams. As with separation based 

on particle size, sorting cannot differentiate between particles with similar masses 

so a certain proportion may be misplaced.
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2.5.4.3 Magnetic Properties

Minerals that are ferromagnetic, such as those containing iron or nickel, can be 

separated from other minerals that are not. This is of particular value when 

mineral species within an ore exhibit markedly different magnetic properties, but 

is not as helpful when these differences are small.

2.5.4.4 Electrical Properties

The appiication of high-voltage fields across a particle stream can be used to 

separate out materials with different electrical conductivities. Again, this is only 

of use when mineral species that need to be separated behave significantly 

differently, and there is the added disadvantage that the feed material has to 

be dry to facilitate separation.

2.5.4.5 Surface Chemical Properties

Flotation is a widely used technique separating minerals using their surface 

chemistry. Air is bubbled through the dilute slurry, carrying with it hydrophilic 

minerals and leaving behind as sediment the hydrophobic remainder. The 

minerals and air that reach the surface form a froth which can then be 

removed.

This process is attenuated by the addition of reagents to the water. Wills 

(1997:48) divides the reagents into three main types: depressors, activators and 

dispersants. The first alters the chemistry of hydrophobic minerals so that they 

become hydrophilic and therefore remain in the sediment. Activators do the 

reverse of this, encouraging minerals to froth at the surface. Dispersants ensure 

minerals do not flocculate and precipitate out of the froth.

2.5.5 Separation Trade-Offs

Separation techniques are subject to trade-offs between process efficiency, 

grade of concentrate produced and the percentage of metal(s) eventually 

recovered from the ore. These are illustrated qualitatively in Figure 2.9. There is an
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approximate inverse relationship between metal recovery and the grade of 

concentrate produced by separation (Wills, 1997:18). Aiming for a higher grade 

of concentrate after separation will mean discarding greater quantities of ore 

that contain lower concentrations of the target metal(s). Being less selective 

about the metallic content of the concentrate increases the total percentage of 

metal recovered, but reduces the grade of concentrate produced. Eventual 

metallurgical recovery will require greater amounts of concentrate as the grade 

drops, so product handling costs increase correspondingly. This also applies to 

the energy costs of metallurgical recovery, which are inversely proportional to 

the grade of concentrate used as a feedstock for further refining.

Metallic grade of concentrate

M etal recovery

Energy costs of product handling

Energy costs of metal recovery

Figure 2.9 Separation trade-offs.

2.5.6 Metallurgical Refining

The chemical recovery of metals by breaking down the ore minerals is referred 

to as metallurgical refining. This stage occurs downstream of extraction and 

processing, completing the recovery processes before the metal is sold as 

refined commodity. Chemical recovery, in contrast to the physical methods of 

separation used during mineral processing, is energy-intensive. This is a function 

of thermodynamic constraints, specifically the energy input required to break 

down stable mineral compounds and metal-mineral associations.
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There are three principal techniques for recovering metals: (a) Pyrometollurgy, 

the use of high temperatures to break down the mineral matrix, (b) 

Hydrometallurgy, the use of a lixiviant (reagent) to extract metallic content by 

dissolution, and (c) Electrometallurgy, the use of electricity to extract metals from 

solution by cathodic deposition. Processes based on one or more of these 

techniques may be used to refine a given commodity (for example dissolution of 

metals using hydrometallurgical techniques followed by electrowinning of the 

metal from solution) with pyrometallurgy being the most common (Wills, 1997:5). 

However, gold recovery is achieved almost exclusively using hydrometallurgical 

techniques, for example 100 percent of formal recovery in South African 

operations (Mitchell, 1999:270), and these are described further in the following 

sections.

2.6 Hydrometallurgical Recovery of Gold

Leaching describes the process of recovering valuable components by 

dissolution using a lixiviant. Figure 2.10 illustrates the technical distinction 

between leaching and the physical separation of mineral components 

described in Section 2.5.4 (after Hsih & Wen, 1995:146 and Hayes, 1993:42).

LiberatedRun-of-mine Exposed

Further size 
reductionPreliminary sizing

SeparationDissolution

o  0Leached ore

Concentrate Tails

Figure 2.10 Liberation principles.

The principal advantage of leaching is that it does not require complete 

liberation of each mineral component as lixiviants can dissolve partially exposed
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mineral grains near the surface of the ore particle, or when the ore is porous by 

percolation through the ore matrix. This contrasts with physical processing (for 

example, flotation) which concentrates valuable components by: (a) further size 

reduction, and (b) separation of the components by differentiation between 

their physical and chemical properties. Hence leaching makes gold recovery 

from low-grade ores economically viable by reducing the need for extensive 

comminution of the ore (an energy intensive process) prior to concentration.

Approximately one hundred years ago the use of cyanide-based lixiviants 

(cyonidatioh) was discovered as an efficient way of processing ores that 

contained increasingly low grades of gold. The cyanide anion was found to be 

extremely efficient in complexing with gold and silver, leaching it from mineral 

associations at grades as low as one quarter of a Troy Ounce per tonne with 

efficiencies of 90 percent (Smith & Mudder, 1991:1). The overall reaction, known 

as Eisner's equation, can be written as:

4Au + 8NaCN + 0 2 + 2H20  = 4NaAu(CN)2 + 4NaOH (Equation 2.5)

The reaction with silver is analogous, although the weaker silver cyanide 

complex requires greater retention times and higher concentrations of cyanide 

to achieve the same dissolution efficiency.

Leaching technology relies on the ability to shift reaction equilibria quickly 

between conditions that favour the formation of metal complexes (i.e. metal 

dissolution) and conditions that favour reversal of this equilibrium. This means 

that, ideally, reagents should: (a) have good process kinetics, acting rapidly to 

dissolve the metal, (b) be selective, complexing only with metals of value to the 

operation, (c) shift strongly from dissociation to complex, producing a high 

degree of dissolution for a given lixiviant concentration, and (d) complex 

reversibly, facilitating recovery and recycling of the lixiviant.

While it is coincident that cyanide as the first lixiviant discovered has remained 

the most effective, several other commercial alternatives have been proposed
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for the leaching of different ore types under different operating conditions. Much 

of the interest in alternatives has been generated by environmental concerns 

associated with the use of cyanide-based lixiviants, even though extensive 

research has proven that cyanide itself poses few long-term environmental risks 

(Smith & Mudder, 1995:4). The use of alternative lixiviants may also create 

adverse environmental effects; these are discussed further in Section 2.8.

2.6.1 Process Design

Figure 2.12 and Figure 2.13 give an overview of gold leaching processes for heap 

and vat leaching. For each, the following key is used:

[ PROCESS

Process input 

^ ■ 1  Process output 

Alternative route

Figure 2.11 Process key.

Processes are shown in grey boxes, and these are connected by black arrows 

showing materials flow between processes. Process inputs are shown using a 

blue arrow and outputs a brown arrow. Where an output is shown with a blue 

arrow it indicates that this is recycled as part of the operation (for example 

barren lixiviant used as a makeup solution for fresh lixiviant). A green arrow 

indicates an alternative process route, for example carbon-in-column adsorption 

as opposed to zinc precipitation.
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2.6.2 Heap and Dump Leaching

Heap and dump leaching refers to the practice of leaching ore that has 

received little or no size reduction (Hayes, 1993:231), and the main advantages 

of this technique over the alternative, vat leaching, is low operating costs and 

simplicity of design (USEPA, 1994a:2).

Ore, which is typically low-grade and with a maximum diameter of between 0.1 

and 1 metres, is stockpiled in preparation for leaching, in the case of heap 

leaching impervious pads are used to prevent loss of pregnant leachate into the 

ground. Dump leaching of very low-grade ores tend not use a leach pad as this 

makes the process sub-economic.

Lixiviant is added at the top at the top of the pile, percolates down through the 

ore pile reacting with active mineral components and is collected as it runs off 

the pad. Ores used in dump leaching are 'as mined'; the dump may contain 

gangue and waste rock with an indeterminate grade. Heap leach ores may 

undergo some preparation prior to leaching. This may include agglomeration, 

the practice of mixing ore with materials such as cement that cause smaller ore 

pieces to stick together facilitating the even percolation of lixiviant through the 

heap. When the ore contains components that interfere with the leaching 

process (and when the grade is high enough to justify the cost) the ore may also 

undergo pre-treatment, for example the oxidation of sulphide ores to expose the 

gold contained within the gangue minerals.

roasting of sulphide ores to produce sulphur dioxide gas, and hence reduce the 

sulphur content of the ore.

2.6.3 Vat Leaching

When the process economics are justified by a higher grade, the ore may 

undergo additional comminution and concentration (for example by gravity 

separation or flotation) to produce a teachable concentrate. The additional
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cost is offset by higher achievable recovery yields; typically between 92 and 98 

percent for vat leaching compared to between 60 and 80 percent for heap 

leaching (USEPA, 1994a: 1-25 and 1-39).

Ore prepared for vat leaching will be finely ground (Hayes (1993:233) gives a 

typical particle size of -200 microns) and treated as a slurry. Two process routes 

are shown in Figure 2.13 for vat ieaching; Carbon-in-Pulp (CIP) and Carbon-in- 

Leach (OIL). Both use activated carbon to adsorb leached components from 

solution, and the difference is the order in which leaching and adsorption occur. 

CIP circuits leach the slurry first before screening it to remove solids (the spent 

ore). The pregnant leachate is then passed through a series of tanks containing 

activated carbon. OIL circuits conduct these processes in a single series of tanks; 

both ore and activated carbon are mixed with lixiviant so that leaching and 

adsorption occur simultaneously.

Once the carbon has been stripped it needs to be re-activated. This is typically 

achieved by high-temperature treatment in a kiln. Each cycle will produce 

carbon fines (small carbon particles), caused by contact with abrasive ores and 

repeated re-activation. Fines will eventually block slurry screens, so they are 

discarded and fresh carbon added to the circuit.

2.6.4 Gold Recovery

The gold-rich eluate produced by vat leaching can pass directly to recovery 

processes. There are two basic methods employed (Smith and Mudder, 1991:5); 

zinc cementation (the Merril Crowe process) and electrowinning (cathodic 

deposition). The former relies on electrochemical displacement of gold by the 

more reactive zinc; for example, when a cyanide-based lixiviant is used the zinc 

reacts with the complex precipitating gold:

Zn + 2NaAu(CN) 2 = 2Au I  +Na2Zn(CN)4 (Equation 2.6)
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Pregnant leachate produced by heap and dump leaching is clarified to remove 

solids. The solution may pass straight to a cementation tank but electrowinning 

requires an intermediate stage similar to the activated carbon circuits used in 

vat leaching. This is commonly referred to as Carbon-in-Column (CIC) 

adsorption, and like CIP passes the pregnant leachate through a series of 

reactors containing activated carbon. Acid stripping of the carbon yields an 

eluate which then passes to the electrical cells. The carbon is re-activated and 

screened for fines before return to the circuit.

2.6.5 Process Summary

The different feed (F) and products (P) for each component of the leaching 

process are summarised in Table 2.5. For example, agitated (vat) leaching uses 

ore with a typical size of -200 microns. The products include leached ore, 

unreacted lixiviant (when added in excess to the circuit) and pregnant lixiviant. 

The initial classification of ore by size is after Hayes (1993:233) and gives 

approximate maximum sizes acceptable for each process type.

Table 2.5 Process summary.
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2.7 Environmental Effects of Mining

Each operation within the mine life-cycle has the potential to impact on the 

environment, although as discussed in Section 2.4 the type of environmental 

effect is determined by the stage of mine site development. Many significant 

environmental effects can occur after mineral extraction has stopped. For 

example water seepage through sulphidic ores can lead to their oxidation and 

subsequent production of Acidic Rock Drainage (ARD). This leaches metals out 

of the ore creating a toxic effluent. While this is a significant issue whenever 

sulphidic waste rock is exposed to oxygenated water (Larderel, Balkau, Hamada 

& Auger, 1991:43), ARD produced at abandoned mine sites such as Cornwall's 

Wheal Jane illustrates the problems faced post-closure when waste treatment 

stops.

This research is concerned with the environmental effects produced by an 

active mine site. Many of these are a function of the physical properties of 

mined ore, specifically:

1. The large fraction of the ore feed that is discarded as waste. Valuable 

components typically represent a fraction of the total mass of material 

extracted from the mine. In the case of gold recovery waste generation 

approaches 1 0 0  percent; recovery of other valuable products may slightly 

increase the total mass of valuable components recovered from the ore.

2. With the exception of in-situ leaching, techniques used to recover the 

valuable components require large inputs of energy, both thermodynamic 

and energetic. This is a consequence of: (a) comminution energy required to 

physically expose valuable minerals locked within gangue material, and (b) 

breaking atomic bonds within the mineral to recover the metal.

Consequently many of the environmental effects tend to be the result of large- 

scale ore movement around the site, and the energy expended by machinery in 

achieving this. During mineral extraction these effects manifest themselves as
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localised noise, vibration and dust, and emissions associated with the 

combustion of fossil fuels, for example particulates, carbon dioxide and sulphur 

dioxide. Surface run-off from the site may contain high levels of sediment and 

release of this into local watercourses may harm aquatic ecosystems.

2.7.1 Mineral Processing

Given that mineral comminution and concentration takes place within the mill 

building, dust and noise is largely contained. However concentration produces 

large quantities of waste rock in the form of tails. This will contain the majority of 

minerals whose value is considered sub-economic and also a number of metallic 

and inorganic compounds that represent an environmental hazard if released 

untreated into the environment. Tailings are commonly discharged in the form of 

a slurry to an impoundment and as this is where most of the ore extracted ends 

up, these lagoons can cover large areas of land. A tailings impoundment 

continues to represent a serious environmental risk until it stabilises and is capped 

by an inert layer of waste.

Comminution is also energy intensive. Between 40 and 60 percent of all energy 

used by mineral processing is consumed during comminution (Wen et al, 

1996:216). Only a small fraction of the input energy into a comminution process is 

actually utilised in size reduction. Wills (1997:112) gives the example of ball mills 

where this figure is typically less than one percent. When portable crushing 

equipment is powered by diesel this will produce hydrocarbon and particulate 

emissions local to the site. Consumption of electrical energy will contribute to 

environmental effects associated with electricity generation at a regional or 

global level.

2.7.2 Metallurgical Recovery

In contrast to the physical concentration of valuable components during mineral 

processing, chemical processes used during metallurgical recovery produce a
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different suite of environmental effects. Again, pyrometallurgy and 

electrometallurgy are energy-intensive processes, a consequence of 

overcoming bond enthalpies within the mineral lattice or eluate solution. The 

roasting and smelting of sulphidic ores produces oxides of sulphur that contribute 

to flue gases released into the atmosphere. These types of emissions have in the 

past caused significant local environmental damage, for example the large 

nickel smelting operations in Ontario (Warhurst, 1999:39).

Although smelter waste volume is much lower (metallurgical recovery uses 

concentrate as the feed) refineries still produce some waste in the form of slag. 

This will contain any metal impurities present in the ore before refining.

2.8 Environmental Effects of Precious Metal Recovery

While precious metal recovery shares many of the general environmental effects 

of other mining operations, there are specific environmental issues associated 

with gold recovery relating to technology choice and lixiviant use. Concern has 

centred around the discharge of process effluent and tailings, the chemical 

composition of which is a function of: (a) ore mineralogy, (b) lixiviants used 

during gold recovery, (c) the technique used to leach the ore, and (d) 

abatement technologies used to treat the effluent.

The use of cyanide-based lixiviant systems is widespread, and therefore it is 

unsurprising to find that major technology types are oriented towards either the 

cyanidation process, or the treatment /  recovery of cyanide-containing 

effluents. In a minority of other cases alternative lixiviants such as chlorine and 

thiourea are used to leach ores that are not amenable to cyanidation.

2.8.1 Cyanide-Based Lixiviants

The complex chemistry of cyanide is responsible for difficulties in predicting the 

environmental fate of free cyanide and cyanide-containing compounds. 

Cyanide and cyanide-containing compounds have been classified by Smith
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and Mudder (1991:7) on the basis of stability, a principal determinant of bio

availability and toxicity of cyanide effluents. These classifications are:

1. Free cyanide, hydrocyanic acid (HCN) and cyanide (CN), the anionic 

product of its dissociation;

2. Simple compounds, including readily soluble compounds such as sodium 

cyanide (NaCN) and potassium cyanide (KCN), and insoluble salts such as 

copper cyanide (CuCN) and silver cyanide (AgCN);

3. Weak complexes, formed between cyanide and single zinc or cadmium 

cations;

4. Strong complexes, formed between cyanide and gold, iron, cobalt, copper 

or nickel.

Hydrocyanic acid is weakly dissociable, with a dissociation constant of 

4.9x10-10mol.dm-3. Hence the relative concentrations of acid and products of 

dissociation are dependent on pH. This is illustrated in Figure 2.14.
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Figure 2.14 The pH dependence of hydrocyanic acid concentration.
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Given that hydrocyanic acid volatilisation is the principal mechanism of cyanide 

loss from impoundments (Simovic, Snodgrass & Murphy, 1984:413), changes in pH 

determine short-term toxicity of cyanide within the impoundment.

Other metallic species forming complexes with cyanide vary in stability and may 

take considerably longer to degrade, especially if covered by sediment in 

colder climates. For example ferricyanide (Fe(CN)63-). a highly stable complex in 

the absence of light, has a dissociation constant of lxlO-^mol.dm-3. This figure 

can be used to calculate illustrative component concentrations at equilibrium 

(Housecroft and Constable, 1997:618), assuming:

If at equilibrium the concentration of cyanide ions is taken to be six times that of 

the ferric ions then:

Equivalent cyanide concentrations will be 1.73xlO07mol.dm'3. In a system 

deficient of these components, ferricyanide will therefore dissociate only 

sparingly. When ionic components are in excess the formation of ferricyanide will 

reduce the bio-availability of free cyanide, acting as a reserve of cyanide within 

the tailings. Other complexes act in a similar manner, although higher 

dissociation constants indicate that they dissociate more readily and at greater 

concentrations of free cyanide.

Changes in environmental conditions may release cyanide that has previously 

complexed with metal species. For example, it is known (Smith & Mudder, 

1991:13) that dissociation of ferric and ferrous cyanide complexes Increases in 

the presence of ultraviolet light. This is a particular concern when fresh tailings

Fe(CN|'«=»Fe3* + 6 CN- (Equation 2.7)

(Equation 2.8)
lxlO*52 = 6 x ^ e 3+J

The concentration of Fe3+ at equilibrium is therefore equal to:

2.89x1 O’08 mol.dm (Equation 2.9)
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are added to an impoundment before compounds in the lower layers degrade, 

building up a store of cyanide that may be released slowly (chronic discharge) 

over a period of time, or more rapidly if the impoundment is disturbed.

2.8.2 Alternatives to Cyanide

Public concern over the release of cyanide into the environment by mine 

processes led to increased environmental regulation of effluent discharges. 

Punitive fines have been introduced for breach of discharge limits or damage to 

the receiving environment, for example the Nevada Migratory Bird Treaty Act 

that allowed for fines of up to US$50,000 per migratory bird killed by contact with 

impoundment reservoirs (Warhurst, 1999:45). In Europe the recent spill of cyanide- 

containing effluent led to widespread contamination of rivers downstream of the 

release, including the Danube delta. A task force led by scientists from the 

United Nations Environment Programme (UNEP) has over the last six months been 

assessing ecological damage caused by the spill (UNEP, 2000).

Against this background of legislation, mine operators faced the prospect of 

closure unless process effluents could be treated, or alternatives to cyanide 

found. The latter include several compounds that can be used to recover gold, 

given an amenable ore and suitable operating conditions. In many cases, 

however, the risks of cyanide use are replaced by those associated with the 

alternative; thiourea for example is registered with the USEPA as a carcinogen. 

The following sections summarise the mode of action and chemical properties of 

the principal alternatives (after Adams, 1996); specific reactions used to 

characterise alternative lixiviants within this research are given in Section 4.8.3.

2.8.2.1 Thiourea

Thiourea requires an oxidising agent (such as ozone) for the dissolution of gold to 

occur at rates equivalent to that for cyanide. Because thiourea also forms stable 

complexes with base metals, uptake of these into solution also occurs. This is one
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pathway for metal contamination of tailings. Thiourea is registered with the 

USEPA as a carcinogen, and degrades relatively slowly once released into the 

environment.

2.8.2.2 Halogens

Carbonaceous ores are particularly amenable to treatment by the halogens 

(specifically chlorine), which otherwise are difficult to leach using cyanide. The 

main problem with the halogens has been their expense, tending to make 

processes sub-economic unless the halogens can be recycled efficiently. 

Although halogens are not particularly toxic unless concentrated, the 

generation of halogenated hydrocarbons is likely from their use, and these have 

been implicated as a carcinogen as well as being persistent within the 

environment.

2.8.2.3 Thiocyanate

The use of thiocyanate as a lixiviant has tight reaction parameters due to the 

reaction of free thiocyanate with the Fe3+ ion and the formation of HSCN, both 

of which make the active SCN- ion unavailable. Because these reactions occur 

in approximately the same conditions as required by the leaching operations, 

there is a tendency for reagent consumption to be high. Thiocyanate, while not 

subject to discharge permits, is reportedly toxic to some marine species including 

higher orders such as fish.

2.8.2.4 Thiosulphate

The use of thiosulphate is relatively flexible with effective leaching occurring over 

a wide pH range. Thiosulphate reactions eventually produce sulphate as their 

end-product. This is relatively non-toxic, although any metals and copper 

catalyst released with the tailings may present an environmental hazard.
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2.8.3 Cyanide Treatment and Recovery

Natural attenuation of process effluent is still commonly used on mine sites to 

passively treat solutions generated by gold recovery. Effluent is held in 

impoundments exposed to the atmosphere for weeks or months until total 

cyanide content reaches the required level. Where ambient temperatures are 

high cyanide is lost rapidly from the effluent by volatilisation. However when 

impoundments ice over for part of the year preventing volatilisation, or the 

effluent contains strongly-complexed cyanide species, additional treatment 

may be required as a complement to natural polishing.

Before the establishment of current technologies, alkaline chlorination was 

considered the best available active treatment of tailings. This had a number of 

significant drawbacks including safety concerns (the process needed large 

volumes of chlorine which had to be stored on-site), reaction kinetics (chlorine 

preferentially oxidises thiocyanate (SCN-) leading to high reagent consumption 

when treating tails from sulphidic ores) and efficacy (the process could not 

remove strong cyanide complexes). Current technologies have improved on this 

process, and alternative oxidants are now used to remove cyanide. Recovery of 

free cyanide has also been explored, with commercial processes either 

recovering cyanide by controlled volatilisation, or by adsorption onto a synthetic 

resin. Cyanide recovery processes may still require treatment of more persistent 

complexes in order to meet discharge limits.

The main technologies currently used are described in the following sections; 

specific chemical reactions used to characterise each technology are 

described in Section 4.8.5.
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2.8.3.1 INCO SO2/AIR Cyanide Destruction

Leach effluent

copper sulphate & lime

ai,|"*Q
sulphur dioxide

>  Discharge

Species include:
cyanate 
metal-iron salts 
metal hydroxides 
calcium sulphate

Figure 2.15 INCO SO2/AIR cyanide destruction.

The principal cyanide destruction technology used to treat leach effluents is 

licensed by the International Nickel Company (INCO) and known as SO2/AIR 

cyanide destruction. INCO's process is recognised by the USEPA as the Best 

Environmental Option for treating cyanide-contaminated process wastes. This 

technology originally developed as a consequence of research into reducing 

sulphur emissions from smelters. It was planned to achieve this by removing 

pyrrhorite (FeSi-x) from the smelter feed during flotation, a process that used 

cyanide. If the process was to be used commercially techniques had to be 

found to destroy the cyanide, and research discovered the sulphur dioxide itself 

was an efficient oxidant.

Figure 2.15 illustrates the technology whose principal mode of action is oxidation 

of cyanide species by sulphur dioxide, a process catalysed by copper. The 

effluent stream is passed to a stirred tank reactor and maintained at a high pH in 

order to promote dissociation of free cyanide. Sulphur dioxide is bubbled 

through the slurry, reacting with both free cyanide and weakly-dissociable 

complexes in a single stage to form cyanate (OCN-). Labile metal species are 

precipitated via two chemical reactions. Firstly, iron cyanide forms stable 

insoluble complexes with metal ions. This reduces the availability of free cyanide 

within the effluent. Secondly, metal ions react during neutralisation to form 

insoluble metal hydroxides. These processes reduce the toxicity of effluent prior 

to release.
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2.8.3.2 Degussa Peroxide Treatment

Borate activator Copper sulphate

44
Effluent-------------

Hydrogen peroxide
CSTR CSTR >  Discharge

Species include:
cyanate
metal hydroxides 
metal-iron saltsc > o

Figure 2.16 Degussa peroxide treatment.

The Degussa chemical company have developed several techniques using 

hydrogen peroxide (H2O2) as an oxidant to remove residual cyanide in tailings 

and process effluent; this is illustrated in Figure 2.16. An environmental 

advantage of using hydrogen peroxide is that it degrades into water and 

oxygen after use, presenting no residual toxicity. The mode of action is similar to 

sulphur dioxide; hydrogen peroxide oxidises free and weakly dissociable 

cyanides producing cyanate. Again, iron complexes react with metal species 

released by oxidation to form double metal precipitates. Non-metal inorganic 

compounds have been found to enhance reaction kinetics (Norcross & Steiner, 

1995:8), and sodium borate is added during the second stage of treatment to 

aid cyanide removal.

The reaction of hydrogen peroxide with sulphuric acid produces 

peroxymonosulphuric acid (H2SO5), a stronger oxidising agent than hydrogen 

peroxide. Degussa use this reagent in its SILOX process to treat slurries containing 

strong metal complexes, where decomposition catalysts (for example, 

suspended solids) would rapidly reduce the efficacy of hydrogen peroxide 

(Norcross & Steiner, 1995:8).
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2.8.3.3 Cyanisorb Cyanide Recovery

Effluent

Sulphuric acid

Slurry feedCSTR

32

CONVERSION

Stripped slurry

HCNProcess air fan

Bleed air

Lime Recirculating
loadCSTR

Discharge

NEUTRALISATION 

Recovered cyanide solution

Lime or caustic soda

Figure 2.17 Cyanisorb cyanide recovery.

In principle, Acid Volatilisation and Recovery (AVR) of cyanide seems an 

attractive technique for reducing process costs by recycling free cyanide. 

Conventional AVR processes relied on low pH and large quantities of air 

bubbled through the effluent to promote volatilisation; however significant 

power costs and acid consumption made this process unattractive (Stevenson, 

Botz, Mudder, Wilder & Richins, 1995:10). Cyprus Gold New Zealand Ltd improved 

the AVR process by using two stripping towers with large internal surface area to 

facilitate volatilisation; this is illustrated in Figure 2.17. The whole circuit is kept at 

negative pressure by a bleed fan removing circulating air, thus minimising 

fugitive emissions of hydrogen cyanide. Effluent is acidified and pumped through 

the first tower, removing free cyanide. The effluent passes to a reactor where the
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pH is stabilised before discharge. The cyanide-laden air passes to the second 

tower where it is reabsorbed in a solution whose pH is raised using caustic soda 

or lime. Any calcium cyanide that forms during this state will dissociate readily 

when free cyanide availability decreases; this complex is weak and readily 

soluble (Smith & Mudder, 1991:7). The solution is then recycled for further use as a 

lixiviant.

2.9 Summary and Research Objectives

Although it can be seen that a range of technologies and lixiviants exist for 

recovering gold, the comparative environmental benefits of one process 

combination over another remain unclear (Mitchell, 1999:270). Hence the 

principal question that this research seeks to address is:

Given a correlation between the type of ore being extracted, the technology 

used to process it and the associated environmental effects, are operations 

functioning optimally with respect to minimising these effects (i.e. equating to 

the BEO), and if not can their environmental performance be improved?

This raises two issues:

1. What are the mechanisms linking ore mineralogy, lixiviant and technology 

choice to the environmental effects of precious metal recovery?

2. How do site-dependent (for example, ore mineralogy) and site-independent 

(for example, choice of lixiviant and leaching technology) factors constrain 

changes that may minimise these effects, and therefore what are the 

practicable alternatives for improvements in environmental performance?

2.9.1 Issue 1: Characterising Environmental Effects

Mineral processing circuits are routinely optimised with respect to ore mineralogy 

and production requirements (Wills, 1997:15). The mechanisms linking process 

performance and the physical and chemical properties of minerals have been 

the subject of extensive research. Similar work has been completed for lixiviants
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demonstrating the interaction between the reagent and the ore. These 

mechanisms are particularly well understood for the lixiviant cyanide, where 

there are established relationships between ore mineralogy and the production 

of various metal-cyanide complexes.

The generation of environmental burdens from materials and energy demands 

and the interaction of burdens with the receiving environment to create 

environmental effects is more complex, and less well understood. The concepts 

of Cleaner Production and Clean Technology introduced in Section 2.2.1 both 

recognise that burdens should be evaluated from a 'whole-system' perspective. 

This avoids the phenomenon of 'problem-shifting' when new technology is 

introduced, the reduction or elimination of one environmental burden at the 

expense of creating or increasing another elsewhere within the system.

LCA (introduced in Section 2.3) is a formal methodology proposed to achieve 

this. By delineating the component of interest with a system boundary and 

assessing materials and energy flows across that boundary, LCA classifies 

environmental burdens contributed by each component of the system, and 

characterises environmental effects created in the receiving environment. 

Section 2.3.3 showed how LCA can be used to calculate effects associated with 

one component of the mining life-cycle, using equivalency functions to 

characterise emissions that resulted from energy consumption during size 

reduction.

LCA is complicated when feed material characteristics or unit process 

functioning changes. For situations in which these parameters remain static 

(typical of many manufacturing processes with controlled inputs and a fixed 

range of products) unit processes can be treated as 'black boxes' as no 

mechanism is required to predict the consequences of parameter changes. 

Equivalency factors represent the analogous environmental effect
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characterisation; the weighting is independent of changes in emission mass and 

condition of the receiving environment for which the effect is calculated.

However, both changes in unit process functioning and ore mineralogy can be 

expected when assessing whether alternative technologies can recover 

precious metals with a reduced environmental burden. For example, changes in 

ore porosity may reduce comminution requirements for a leaching process. The 

change in power consumption can only be predicted if comminution is 

represented by a conceptual model, the process of creating '...a series of 

theoretical assumptions about how a system of interest functions in time and 

space' (Bowker, 1993:58). This also applies to the prediction of site-specific 

environmental effects associated with the release of leach effluent discussed in 

Section 2.8; polishing of tails necessitates predicting changes in solution 

chemistry with time in order to determine the residual environmental hazard 

associated with an impoundment.

The following tasks will therefore be undertaken as part of the development of a 

tool to assess environmental performance.

1. Construction of generic processes to represent each of the unit operations, 

to be used to construct each alternative process technology;

2. Identification of materials and energy demands generated by the 

functioning of each process;

3. Development of conceptual models to represent the relationship between 

materials and energy demands, and process function.

2.9.2 Issue 2: Optimising Environmental Performance

From the concepts of environmental performance discussed at the beginning of 

this chapter, it can be seen that a number of different approaches may be used 

to improve environmental performance. Elimination of waste at source is 

considered the highest priority by Crittenden 8c Kolaczkowski's (1995:5) hierarchy
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of waste management practices, although in practice economic or 

technological constraints may mean that lower-priority practices are used to 

improve performance. Environmental technologies used in precious metal 

recovery illustrate this point, with an end-of-pipe waste treatment technology 

(INCO's SO2/AIR process) recognised as being the BEO for cyanide-containing 

wastes, rather than alternative technologies that reduce waste by recycling. The 

ability of INCO's process to treat a wide variety of leach wastes simply and 

effectively has led to widespread technology uptake; by 1999 there were 73 

licensees throughout the world compared with two for the Cyanisorb process. 

The latter requires a more complex circuit with stripping towers to recover the 

cyanide, and does not remove strong metal cyanide complexes (such as those 

formed with iron) from solution (Stevenson et al, 1995:10).

The choice of process technology is constrained by a set of site-dependent and 

site-independent factors that represent the mine site. For example ore 

mineralogy is site-dependent. A high percentage of carbonaceous material or 

sulphide-rich minerals may constrain the use of lixiviants not amenable to 

leaching this ore type. The mine site operator may have more flexibility in 

choosing technologies used to recover the gold from the ore. For example, 

effluent treatment technology may be brought on-site to treat barren discharge 

from the leach process.

Study of the correlation between these factors and the associated 

environmental effects will reveal the degree to which these effects are site 

specific, and how successfully the site operator can control them. Hence 

optimal environmental performance depends not only on choice of technology, 

but the site-dependent constraints under which the technology operates.

The tool developed for this research will therefore be used to answer the 

following questions:
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1. Do the environmental effects predicted by the model correlate with those 

given by published data (model calibration)?

2. Is a significant change required in ore mineralogy or process efficiency to 

change what the tool predicts to be the technology choice that minimises 

associated environmental effects (sensitivity analysis)?

3. Does the model suggest a different technology from those generally 

accepted as being the best environmental option, and if so, why?

4. Is this suggested technology choice ruled out by site-dependent factors 

(beyond the control of the operator)?

5. Is it possible to conclude whether or not case study operations equate to 

BPEO?

An overview of the conceptual tool developed for this research is given in the 

next chapter.



CHAPTER 3. EPIGOLD MODEL OVERVIEW

3.1 Chapter Introduction

This brief chapter gives an overview of the following two chapters, which 

describe construction of a conceptual tool called EPIGOLD (Environmental 

Performance indication for GOLD Recovery). This tool represents a novel 

approach to BEO assessment for gold recovery, both in the way that it links 

environmental burdens to process inputs, and in the way it uses environmental 

effects integrated over time as a basis for the assessment.

EPIGOLD is constructed from a series of generic unit process classes used to 

represent various alternative lixiviant and process technologies described in the 

previous chapter. Each process class is constructed from theoretical models that 

control the interaction between process operation, materials and energy 

consumption and ore mineralogy. These have been developed from empirical 

and theoretical16 work completed by other researchers. An original approach to 

model construction was required to ensure that each component interacted 

correctly with the other unit processes within the system. EPIGOLD achieves 

process integration by reusing model components common to different unit 

process classes.

EPIGOLD evaluates environmental performance from a whole-system or life

cycle perspective. This concept is widely recognised as being of value to the 

environmental assessment of industrial activity. Like the formal methodology 

LCA, EPIGOLD assesses environmental burdens generated by a system, in this 

case unit processes representative of typical gold recovery operations.

16 In this context empirical refers to models that have been derived from experimental observation, as 

opposed to theoretical models used to represent the behaviour of a  physical system. The latter may 

be validated by comparison to experimental data, an approach which Is used in this project.
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Conventional life-cycle studies generate a 'snap-shot' of system activity. This 

may be based on data collected during specific periods, but the results are 

essentially dimensionless with respect to time. EPIGOLD is novel in that it 

integrates the life-cycle performance assessment over a given period of 

operation. This reveals changes in system behaviour that may occur with time 

and allows these to be taken into account by the assessment.

The EPIGOLD life-cycle can be represented as a 'cradle-to-gate' model, starting 

with the comminution and concentration of as-mined ore, then leaching and 

recovery of gold and finishing with the treatment of process effluents. Both 

'conventional' effect characterisation (for example, equivalency factors used to 

calculate the GWP of gaseous emissions) and site-specific models based on 

published ecosystem toxicity data are used as part of the BEO assessment.

3.2 M odel O verview

The construction of EPIGOLD is based on a central assumption given as the 

concluding hypothesis in the previous chapter. This is illustrated in Figure 3.1, with 

EPIGOLD represented as a box enclosing the unit processes.

ORE MINERALOGY

EPIGOLD MODEL

UNIT PROCESSES
MATERIALS & 

ENERGY DEMANDS EFFECT AT POINT IN TIME

Figure 3.1 Model assumption.

In order to predict the environmental performance of various technology 

options, the model must determine: (a) how a given ore mineralogy is processed 

by the technology, (b) the materials and energy demands made by the 

technology when processing that ore, (c) the environmental burdens created by
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process demands made during operation, and (d) environmental effects that 

result from these demands. This process of effect characterisation leads to the 

prediction of environmental effects at a given point in time. The final stage is 

integration of these effects over a pre-determined period of operation, 

represented by the green arrow.

Given the similarities between some system components it was envisaged that 

constructed models could be re-used, depending on their point of application 

within the system. In order to determine which components were applicable 

across the entire system, the model was divided into levels of increasing 

complexity. This process is illustrated in Figure 3.2.

C H E M IC A L
BEHAVIOUR

PHYSICAL
PROPERTIES

PROCESS
BEHAVIO UR

PROCESS
DE M AN DS

0

0 1

0 1

p n  ( O RE M IN E R A LO G Y W M

[ 2. ] ( UNIT PROCESS O PERATION

UNIT PROCESS BURDENS

ENVIR O N M ENTAL EFFECTS

EFFECT
PREDICTION

EFFECT
INTEGRATION

EPIG O LD  BEO ASSESSMENT

Figure 3.2 EPIGOLD model levels.

The model starts with ore mineralogy. Ore and ore bodies are constructed from 

a complex association of mineral grains (Hayes, 1993:33). Assemblage of the 

latter is an important factor in determining downstream beneficiation methods 

used to recover the gold content (USEPA 1994b: 1-11). Specific mineral 

properties influence technology choice in different ways. For example 

mineraiogical texture influences ore characteristics exhibited during 

comminution, while the composition of leachate is a function of active minerals 

that form soluble complexes during dissolution. The influence of mineral structure 

and function is therefore an element common to other unit processes that follow 

in subsequent levels.
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Unit process operation is represented by level two. Conceptual models of unit 

processes provide a link between the properties of feed materials, the 

functioning of that process and eventual outputs. Prediction of process 

behaviour provides a basis for calculating materials and energy demands 

generated during operation. These environmental burdens are represented by 

level three.

By characterising the behaviour of burdens within the receiving environment it is 

possible to predict environmental effects. These are represented by level four. 

Once burdens have been quantified, environmental indices may be used to 

indicate the type and magnitude of each environmental effect at a given point 

in time. The final level of detail within EPIGOLD is effect integration; assessment of 

how each effect changes with time provides a measure of environmental 

performance for the given period of operation.

3.3 Model Development

The development of EPIGOLD is split between two chapters. The first, Chapter 4, 

describes the construction of models to represent ore mineralogy and the 

physical processing of ore to recover the gold content. This equates to levels one 

and two in Figure 3.2.

Chapter 5 describes the generation of environmental burdens during gold 

recovery and treatment of process wastes that result from leaching. 

Environmental effects models characterise the behaviour of chemical release 

locally within tailings impoundments and globally by weighting emissions using 

equivalency factors. This equates to levels three to five in Figure 3.2.

The implementation of EPIGOLD using Microsoft's database package Access 

and Visual Basic for Applications is described in Chapter 6 .



CHAPTER 4. EPIGOLD PROCESS MODELS

4.1 Chapter Introduction

This chapter details the construction of models that describe the: (a) mineralogy 

of gold-bearing ores, (b) comminution and concentration of ore prior to metal 

recovery, (c) hydrometallurgical processing, and (d) treatment of process 

discharges. Together these represent the first two levels of model development, 

illustrated in Figure 4.1.

C H E M IC A L  PHYSICAL PROCESS 
BEHAVIOUR II PROPERTIES 1 BEHAVIOUR

P R O C E S S  E F F E C T  ‘ E F F E C T  
D E M A N D S  P R E D I C T I O N  I N T E G R A T I O N

[77] [  ORE M IN E R A LO G Y

[ 2. ) [ UNIT PROCESS OPERATIO N

[  3 ,  ] f  U N IT  P R O C E S S  B U R D E N S

[  4 .  J [ E N V I R O N M E N T A L  E F F E C T S

(77) [ E P I G O L D  B E O  A S S E S S M E N T  i

*  *  i i *  4» ii

Figure 4.1 Model development.

Level one concerns the physical relationship between gold and other minerals 

within the ore matrix. Two components are used to represent this level: (a) 

chemical models describing the behaviour of simple mineral components in 

aqueous solutions, and (b) physical models describing the exposure of gold 

during comminution. These are described in Section 4.3, and are used to 

characterise the behaviour of mineral solids or compounds in solution throughout 

the conceptual system. Given that the surface area of active mineral 

components (and gold) changes as leaching progresses, a kinetic model based 

on the shrinking core concept has also been developed; this is described in 

Section 4.3.4.
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Level two represents: (a) leaching processes controlling the dissolution of ore 

components by lixiviants, and (b) the composition of lixiviants themselves, whose 

mode of action is determined by the rules for chemical behaviour defined at 

level one. While solution chemistry governs the reaction of individual 

components within a process, unit processes determine the conditions within 

which these reactions occur. Leaching models developed for EPIGOLD are 

based on two reactor types: (a) Continuously Stirred Tank Reactors (CSTR) used 

to represent vat leaching, and (b) Trickle Bed Reactors (TBR) used to represent 

heap leaching. Lixiviants circulated through these processes are characterised in 

Section 4.8.3; lixiviant choice reflects the predominant use of cyanide within the 

industry to recover gold.

The development of these components is described In the following sections.

4.2 Level One: Ore Mineralogy

Minerals are natural inorganic substances that possess a definite chemical 

composition and crystal structure (Wills, 1997:1). Formed from reactions between 

metals, metalloids, and other inorganic compounds, the range and type of 

mineral species is a function of specific chemical properties exhibited by each 

component. Table 4.1 is adapted from Berry and Mason (1959:1), who provide a 

useful classification of simple mineral species according to chemical 

composition.
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Table 4.1 A general mineral classification.

Species Class Example compounds

Carbonates MgC03

Halides NaCI, KOI

Oxides F6203, Ti0 2

Phosphates CaP04

Silicates Zn2Si04, Si0 2

Sulphides Cu2S, ZnS, NiS

The most abundant mineral type is silicon dioxide (Si0 2 ), although this exists in a 

number of different forms (see Section 4.5). Other mineral groups may compose 

only a small mass fraction of the ore, but their chemical activity under certain 

conditions and when in contant with lixiviants makes their presence an important 

factor when considering how to recover the gold. Hence the reference to 

mineral deposits as, for example, sulphidic, carbonaceous or oxide applies to the 

active mineral types associated with the gold within the ore.

Ore microstructure also influences the choice of technology used to process the 

ore (Hayes, 1993:25). Leaching requires partial exposure of the gold to promote 

contact with a lixiviant. Where the mineral structure 'locks' gold within a non- 

porous gangue matrix as unexposed ( in c lu s iv e ) grains, ore pre-treatment or 

additional comminution may be required to expose the gold so that dissolution 

can take place.

A two-tier system of ore characterisation was therefore proposed for ores 

modelled by EPIGOLD, representing: (a) the chemical behaviour of mineral 

species, and (b) the ore microstructure describing the physical properties of 

mineral components and gold availability. This characterisation Is described in 

the following two sections, and used in the third to construct conceptual models 

of generic ore types used as process inputs for level two.
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4.3 Tier One: Chemical Properties

Given that changes in solution composition occur during leaching, metal 

recovery, effluent treatment and effluent polishing, a common set of rules was 

needed by EPIGOLD to calculate chemical interactions within each unit process. 

This has been achieved by using general reaction types to represent the 

chemical behaviour of aqueous components and minerals in contact with leach 

solutions. These are illustrated in Figure 4.2.

GAS DISSOLUTION

ATMOSPHERE

SOLUTION

MINERAL REACTION

AQUEOUS REACTION

DISSOCIATION

'AB

COMPOUND ACTIVITY

ACID DISSOCIATION & HYDROLYSIS

C ab +  H 2 °  => C A + H30  
C a + H20  => C AB + OH"

AB

AB

Cab ^  Cqd ^  Caq + C BC

BASE DISSOCIATION & HYDROLYSiS

C a +H 20 = > C ab+ + OH" 
C Ab + H2o  => c A + h 3o

Figure 4.2 Reaction classes.

Mineral solids are represented by the brown sphere containing mineral Mab. This 

may dissociate in solution releasing ions C a and Cb. Alternatively, they may 

complex with lixiviants C r forming metal-lixiviant complexes C ar. Other 

compounds in solution are represented as Cab and C cd and may form equilibria 

with other aqueous components or with gases across the gas-liquid interface.

Models were developed for each component, and are described in the next 

section in the following order:
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1. Aqueous reaction;

2. Solution equilibria;

3. Acid /  base dissociation and hydrolysis;

4. Mineral /  lixiviant reaction.

Components representing the reaction of solutions with the mineral particle 

(shown connected to the particle by arrows) are dealt with last; these required 

an additional component to represent the effect of changing compound 

surface area on reaction kinetics.

4.3.1 Component One: Aqueous Reaction

This is the simplest reaction class used in EPIGOLD, and is of the type:

where: Cab and Ccd are the reactants;

Cad and Cbc are the products.

This represents the general reaction between two solution components. The 

reaction rate is assumed to be first order with respect to reactants (Indicated by 

a superscript T  next to each reactant). Hence for C ab and C cd, the change in 

component concentration Cx can be expressed as:

where: Icabcd is the rate constant for the reaction between AB and CD.

In this case the dependence of rate on two reactants makes the reaction 

second order overall (Housecraft & Constable, 1997:465). Given that the rate of 

reaction is expressed in mol.dm^.s-1, the units of k will vary depending on the 

number of reactants. Equation 1.2 is dimensionally correct if:

mol.dm"3.s_1 = kABCD(mol.dm~3 J(mol.dm"3 J (Equation 4.3)

(Equation 4.1)

Rate = jjj*- = kABCD (CAa J (CCD J (Equation 4.2)

Hence:
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kABrn =  m o l 'd im ~3 ’s ' 1 r (Equation 4.4)
(mol.dm"3 )(mol.dm"3]l

Therefore in this case (for a second order reaction) the units of k are drrAmoN.s*1.

4.3.2 Component Two: Solution Equilibria

Solution equilibria are subject to Le Chatelier's principle, which Housecraft & 

Constable (1997:39) define as:

'...when an external change is made to a  system in equilibrium, the 

system will change in order to compensate for that change. '

This means that if the concentration (or activity) of one component in the 

equilibrium changes, the activity of other components will change accordingly 

until the system is once again in equilibrium. This important concept has a 

number of implications for predicting changes in solution composition within 

EPIGOLD. Situations could be envisaged where gradual shifts in concentration of 

one component might cause changes in a number of other solution equilibria.

One example of work in this field is the empirical model developed by Simovic, 

Snodgrass, Murphy & Schmidt (1984:413) to predict changes in WAD cyanide 

concentration In impoundments containing barren leach solution. This work has 

received attention in later texts (see Smith & Mudder, 1991:57 and the 

Wastewater Technology Centre, 1995:3).

Simovic et al used a series of differential equations to represent the dissociation 

of each metal complex in the impoundment, with rate constants for each 

reaction derived from empirical research. Because total cyanide concentrations 

decreased during model simulation, each differential equation was assumed to 

represent the dissociation of cyanide-containing compounds only.

This approach raised two issues for the general chemical models being 

developed for EPIGOLD. Firstly, there were situations envisaged when sparingly 

soluble compounds might be formed from components in solution. This includes
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leaching, where dissolution of mineral components releases various metal ions 

that may be complexed by a lixiviant. Secondly, given the large differences in 

dissociation constants for typical products of leaching processes (Smith & 

Mudder, 1991:12), it was possible that rapid dissociation of one compound might 

trigger formation of a second. For these reasons it was decided to develop a 

model representing solution equilibria first, and then modify this using rate 

kinetics.

4.3.2.1 Expressions for Solution Equilibria

Three different equilibria can be identified from Figure 4.2. concerning: (a) the 

solubility of mineral species, (b) the activity of soluble compounds, and (c) 

gaseous equilibria established across the gas-liquid interface. Each expression 

can be represented by a constant (Housecroft & Constable, 1997:617), and 

these are described in the following paragraphs.

The first, referred to here as Ks, concerns solids that dissociate producing soluble 

products (for example, halide minerals). Simple compounds vary greatly in 

solubility. While some metal halide minerals such as sodium or potassium chloride 

are extremely soluble, others are relatively insoluble. Many compounds are only 

sparingly soluble (Housecroft & Constable, 1997:616), and the solubility constant 

Ks is used here to define the equilibria formed by the soluble products:

Ks = (CAr* (CBf  (Equation 4 .6 )

where: Ks is the solubility constant;

Ca is the cation solution concentration (mol.dm*3);

Cb is the anion solution concentration (mol.dnrr3);

Na is the number (moles) of cations in the compound;

Nb is the number (moles) of anions in the compound.
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Because the left hand side of the expression is represented by the constant itself 

the equilibrium is dependent on the concentration of the ionic products rather 

than the dissociating compound.

The second constant, Kc, concerns equilibria established between a soluble 

compound and two soluble products (for example, WAD cyanide complexes). 

The equilibrium can be expressed as:

K = (Equation 4.6)

where: Kc Is the equilibrium constant;

C ab is the concentration of the soluble reactant.

This means that the equilibrium is dependent on both the concentration of the 

dissociating reactant and the concentrations of the products. Like the rate 

constant described in Equation 1.2, the units of K c and Ks depend on the number 

of components in the equilibrium expression.

4.3.2.2 Expressions for Gaseous E qullibria

A third constant, Kp, is used here to represent the activity of gases that dissolve in 

solution. This type of equilibrium is more complex given the difference in phase 

within the expression, and can be illustrated by considering an ideal gas whose 

behaviour is described by the Ideal Gas Law:

PV = 1^8.314T (Equation 4.7)

where: P is the gas pressure (Pa);

V is the gas volume (m3);

Nab is the number of moles of gas AB;

T is the temperature.

This shows that, for a given volume, the partial pressure would be expected to 

Increase with temperature and number of moles of gas present.
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This law is only applicable when a system obeys Raoult's Law and hence is said 

to be behaving ideally (Hayes, 1993:512). Under these conditions the activity of 

component AB is equal to its concentration, or:

a ab = C AB (Equation 4.8)

where: Aab is the activity of component AB (mol.dnrv3);

Cab is the concentration of component AB (mol.dm-3).

There are, however, many instances where systems do not behave ideaily. This 

principle is illustrated in Figure 4.3.

<

8

o
\Positive deviation 
s Ideal behaviour 

Negottve deviation

Component concentration (C)

Figure 4.3 Departure from ideality.

Three plots of activity against concentration are given in the figure, and the 

central (linear) plot shows ideal behaviour. Deviation away from the linear plot to 

either side indicates non-ideal behaviour, or A ab^ C ab

For dilute solutions this deviation can be represented by Henry's law:

A AB = X abC ab  (Equation 4.9)

where: yab is the Henrian coefficient for component AB.

Hence the constant provides a correction for system activity, although for large 

changes in conditions within the system (for example, temperature or 

concentration) component activity is more difficult to predict (Hayes, 1993:513).
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As noted at the beginning of this section, solution equilibria involving gases are 

complicated by the two phases present in the expression; activity depends not 

only on conditions within the solution (such as presence or absence of other 

soluble components) but also the gas partial pressure. This in turn will vary with 

temperature and atmospheric pressure. Calculations are also complicated if the 

gas reacts to form other equilibria in solution. For example, once dissolved 

sulphur dioxide undergoes hydrolysis for form sulphuric acid and this behaviour 

makes activity calculations based on Henry's law particularly difficult ( 1UPAC, 

1983:3).

For these reasons it was decided to express the activity of gases in solution using 

constants derived empirically at STP. Hence at equilibrium:

Kp = (Equation 4.10)

where: Kp is the gas solubility constant;

Cab is the concentration of component AB (mol.dm-3).

Data used to represent the solubility of various gases can be found in Appendix I. 

It is important to recognise the assumptions of ideal behaviour underpinning this 

and the other solubility constants described here; the limitations of this approach 

are discussed further in the research conclusions.

4.3.2.3 Kinetics of Solution Equilibria

Like aqueous reactions, the rate at which equilibria are established is assumed to 

be first order with respect to component concentration. However, the direction 

of reaction depends on the concentrations of products relative to the 

equilibrium point given by the respective constant. Equation 1.2 was therefore 

modified accordingly to give:

Rate = - % L  = kM(EA- C J ( E , -C,1 (Equation 4.11)
at

where: Icab is the rate constant for the dissociation of compound AB;

Ca is the current concentration of the cation (mol.dm-3);
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Ea is the equilibrium concentration of the cation (mol.dm*3);

Cb is the current concentration of the anion (mol.drrr3);
i

Eb is the equilibrium concentration of the anion (mol.dnrv3).

In Equation 1.11 compound AB is shown to be dissociating as the equilibrium 

concentration of each product is greater than the current concentration. The 

differential equation would be positive if this situation was reversed, and under 

these conditions it was decided to assume the rate of formation to be equal to 

the rate of dissociation.

An important point to note here is that changes in the surface area of solid 

compounds are not incorporated into this expression. This represents a limitation 

where a solid precipitate is formed from soluble products, and then re-dissolves 

as conditions change. The effect of surface area on the rate of reaction Is only 

considered for solution reactions with ore particles, whose initial size and surface 

area are known. Rate expressions incorporating surface area are discussed 

further in Section 4.3.4.

4.3.2.4 Kinetics of Gaseous Equflib ria

The dissolution and volatilisation of gases occurs across a gas-liquid interface, 

and this requires modification of the rate expression proposed in Equation 1.11. 

The maximum rate of gas transfer between the phases is assumed to be 

governed by the rates of volatilisation and dissolution. This approach was 

adopted by Simovic et al (1984:413) to predict the rate of free cyanide 

volatilisation in their model. If this is assumed to be a dynamic process, the rate 

of gas dissolution can be defined as:

R a t e = - % t  = k„<E„-C„) (Equation 4.12)
at

where: Icab is the rate constant for the dissolution of gas AB;

C ab is the current concentration of gas AB (mol.dm-3);

Eab is the equilibrium concentration of gas AB (mol.dnrv3).
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Th© differential equation becomes positive when the equilibrium concentration 

exceeds the current solution concentration and the process of volatilisation is 

reversed. Values for the rate of gas transfer can be found in Appendix I.

4.3.3 Component Three: Acid /  Base Dissociation and Hydrolysis

A survey of literature describing solution chemistry revealed several areas where 

simulation of acid-base equilibria was important within EPIGOLD. The areas 

identified were:

(a) Calculating equilibria of sparingly soluble mineral components, where one of 

the components forms a separate equilibrium. For example, carbonaceous 

minerals may dissociate to release carbonate ( C O 3 2-) anions. These hydrolyse 

in solution forming an equilibrium with hydrogen carbonate ( H C O 3 2-).

(b) Calculating the relative concentrations of soluble components during 

lixiviant makeup. Cyanide-containing lixiviants in particular are sensitive to 

pH. The cyanide ion used in gold dissolution predominates when solution pH 

is above approximately 8.3, which is why the pH of cyanide-based lixiviants Is 

usually adjusted to >9.

(c) Calculating changes in pH that are caused by successive reactions between 

solution components. As well as neutralisation reactions between strong 

acids and bases, this includes reactions that generate components forming 

acid-base equilibria. For example, treatment of cyanide-containing lixiviants 

with an oxidant promotes the decomposition of cyanate ( O C N - )  (Smith and 

Mudder, 1995:7). This produces carbonate anions ( C O 3 2-) and ammonium 

cations (NH4+), both of which form separate acid-base equilibria. This 

reaction is used in Section 4.3.3.3 to demonstrate how solution pH changes 

are related to the equilibria of weakly-dissociating components.

EPIGOLD acid /  base reactions were therefore split into two types: (a) complete 

dissociation of strong acids and bases, and (b) reversible and partial dissociation
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of weak acids and bases. The former are more straightforward and considered 

first. Equilibria formed by the latter are considered in the next section.

4.3.3.1 Overview of Acid /  Base Reactions

Basic chemical principles define an acid as a proton donor and a base as a  

proton acceptor (Housecroft & Constable, 1997:531). In acid-base reactions a  

proton in the form of the hydrogen radical is transferred from the donor to the 

acceptor. Within the acid-base pair the direction of proton transfer is 

determined by the relative 'strengths' or willingness of each compound to give 

up or accept a proton. In Equation 1.13 water is acting as a base by reacting to 

accept a proton. In Equation 1.14 the situation is reversed, with water giving up a  

proton and acting as an acid.

C ab+H20 = » C a'+ H 30 + (Equation 4.13)

C A- +  HjO => Cab + OH" (Equation 4.14)

Each compound reacting in this way forms a conjugate acid-base pair.

4.3.3.2 Strong Acid /  Base Dissociations

Dissociation of strong acids and bases in solution causes large changes In 

solution pH. Consider the complete dissociation of a monobasic acid with the 

loss of a single proton:

Cab + H2O  C A + H30 + (Equation 4.15)

Here C a = (H30+). Some strong acids lose an additional proton (for example the 

dibasic sulphuric acid) but given that this is a loss of a positively charged radical 

from a negatively charged ion, the reaction is energetically more difficult 

(Housecroft & Constable, 1997:536) and the two species form an equilibrium in 

solution.

Likewise, strong bases dissociate to produce hydroxide ions and a cation, or:
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C A +  H 20  =>  C a b + +  O H  (Equation 4.16)

When the base is itself a hydroxide, for example sodium hydroxide (NaOH), the 

dissociation results directly in the creation of hydroxide anions.

4.3.3.3 Weak Acid /  Base Equilibria

The dissociation of weak acids and bases is more complex than their strong 

counterparts, given that dissociation does not go to completion and is 

dependent on solution pH. Secondly, as dissociation occurs hydroxide or 

hydroxonium ions are released thus altering solution pH.

The example of cyanate hydrolysis can be used to illustrate this. The cyanate 

anion is hydrolysed to give carbonate anions and ammonium cations, or:

O C N ~ (a q )  +  2 H 20 (I) = *  N H J (aq)+ C O f (oq) (Equation 4.17)

Both these products form equilibria with their conjugate pairs:

HCO^aq) +  H 2O q  «=> H 30 +(oq) +  CO3 (aq)

N H 3(oq) +  H 2 ° ( l)  <=> O H "(aq) +  N H J(aq)

(Equation 4.18)

In the case of hydrogen carbonate, a further equilibrium is formed with carbonic 

acid:

H 2C 0 3(og) +  H j O j, <=> H 30*(aq >  +  H C 0 3(ag) (Equation 4.19)

The equilibrium established between carbonate and hydrogen carbonate is 

used here to illustrate how shifts in the equilibrium correspond to changes in 

solution pH. This relationship can be written as:

= [H,CT][COj-] =S01xl0-,. moldm-» (Equation 4.20)
[hco;][h 2o]

where: Ka is the acid dissociation constant.

The concentration of water is usually assumed to be unity; hence the term (H2O) 

can usually be eliminated from the expression. This expression can be used to 

determine the extent of reaction at a given pH, as shown in Figure 4.4.
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Figure 4.4 Plot of changes in (HCO3)' with time.

The relative proportions of the conjugate acid-base pair are given by the y-axis; 

at a pH of below 8 (HCO3-) predominates, while the reverse is true for a pH of 

above 12. For example, at a pH of 10, the concentrations of the two ions are 

approximately equal. When the pH or concentration of either component 

change, the acid dissociation constant determines the magnitude and direction 

of concentration changes that are required to re-establish the equilibrium 

position.

These principles are used as the basis for implementing pH calculations, which 

are discussed in Section 6.5.6.

4.3.4 Component Four: Mineral /  Lixiviant Reaction

As active mineral components come into contact with leaching agents, their 

dissolution will cause a change in reaction surface area. The effect this has on 

reaction rate has been the subject of various studies (for example see Box & 

Prosser, 1986:78, Bartlett, 1992:237 and Peters, 1993:63).
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The progressive contacting of lixiviant with active mineral components, and the 

dissolution of those components from the mineral matrix may be represented 

using a 'shrinking core'-type model. This is illustrated in Figure 4.517.

Residual gangue matrix 
Section containing MH at time t 
Section containing MH at time t+At

Radius, L

Figure 4.5 Shrinking core model.

Leachable gold and minerals on the outside of the particle are dissolved first, the 

reaction boundary (the zone of contact between lixiviant and reaction mineral) 

shrinking towards the centre of the particle with time. This concept is illustrated in 

Figure 4.5 for a mineral fraction M h. During time At the fraction of the ore particle 

containing M h is reduced towards the core.

A significant limitation of this model concerns the assumptions governing 

distribution of minerals and gold within the particle. The rate of reaction 

decreases as leaching progresses because the shrinking core model assumes 

that components are distributed homogeneously throughout the particle. Under 

this scenario, leaching across the particle surface results in a gradual reduction 

of leachable surface area. Actual ore microstructure is rather more complex with 

gold occurring in veins as well being disseminated throughout host minerals. One 

example of a breakdown in shrinking core assumptions is illustrated in Figure 4.5.

,7 Note that the vertical axis in Figure 4.5 is not to scale.
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Gold grain Particle space

LEACHING

(MAGNIFICATION)

V lncrease in surface area

Figure 4.6 Breakdown of shrinking core assumptions.

Gold is shown in the figure as a large irregularly shaped inclusive grain with a 

narrow 'neck' exposed to the lixiviant. As leaching proceeds the gold is 

dissolved, creating a cavity within the ore particle. This means the total surface 

area of ore particle contacted with lixiviant actually increases during leaching, 

rather than decreasing as predicted by the shrinking core model.

A second point concerns the gradual increase in diffusion distances that occurs 

as the leachable fraction shrinks towards the centre of the particle. Mineral 

dissolution can only occur when lixiviants are in contact with the mineral, and 

the distance that lixiviants have to diffuse to reach mineral components within 

large pieces of ore may be considerable. The control of reaction rate by lixiviant 

diffusion is a fundamental assumption of the model proposed by Box & Prosser 

(1986:79), which is used to simulate the dissolution of mineral components within 

a heap leach. However it can be envisaged that this situation may change 

when ore particles are very small. At this particle size the leach interface area is 

very large and effective diffusion times of lixiviant to the active mineral surface 

very small. Leach rate may therefore be simulated directly as a function of 

surface area, for example see the model proposed by Peters (1993:64).
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Given that both heap and vat leach components were to be included within 

EPIGOLD, a novel way had to be found of representing both these elements 

within a conceptual model; this is described in the following sections.

4.3.4.1 Rate oc Mineral Surface Area

First, consider H minerals (1,2,3.../-/) in given volume Vo of ore O. The mass of 

fraction H is:

Mh = V0 .D0 .ph.Fh (Equation 4.21)

where: Mh is the mass of mineral H (kg);

Vo is the volume of ore O  (m3);

Do is the bulk density18 of ore O (dimensionless); 

pH is the density of mineral H (kg.rrr3);

Fh is the mass proportion of mineral H (dimensionless).

For a given volume of ore, if ore particles are assumed to be spherical the total 

initial surface area of ore O Is:

Sq — 4.7r.L0.  OlUyO
v4/.

(Equation 4.22)
4 / 3 . * .  L30

where: So is the total initial surface area of ore O (m2);

Lo is the average particle radius for ore O (m).

The effective surface area of each mineral fraction at a given point in time Is

proportional to the remaining mass fraction of that component19. This can be

18 The bulk density (Bd) refers to the packing efficiency of material within a  given volume. The volume 

unoccupied by material Is referred to as the void fraction and Is equal to 1 -Bd. The theoretical upper 

limit of packing efficiency for spheres is approximately 0.75 (Hales. 1997:81). However, the void 

fraction within a  normally packed ore bed Is much higher, typically between 0.38 and 0.42 

(Trambouze, 1988:395). This is equivalent to a  value of Do for a given ore O of between 0.62 and 0.58.
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used to relate the mass fraction value to the leaching rate. In the following 

equation, the rate of mass transfer (analogous to leaching rate) is expressed as a 

function of lixiviant concentration and component mass fraction remaining20:

—jfc A
K ,  = =  t w C ^ S o . K f  (Equation 4.23)

where: M'h is the rate of mass transfer of species H into solution (kg.s-1); 

k«H is a constant for the reaction between reagent R and 

mineral H (kg.moN.m'2 .s*1);

Cr is the solution concentration of reagent R (moles)21;

Oh is the unreacted fraction of mineral H remaining.

The same principle can be applied to the leaching of gold from each ore 

particle. The rate of dissolution can be calculated by treating the gold as an 

additional mineral fraction distributed homogeneously throughout the ore. 

Therefore:

H M .  . v 2/3

M e = — --2 -  = k„e ,CR .SG .(Og ) (Equation 4.24)

where: M'g is the rate of mass transfer of gold into solution (kg.s-1);

Icrg is a constant for the reaction between reagent /?and 

gold (kg.moH.m-^s-1);

<Dg is the unreacted fraction of gold remaining.

19 EPIGOLD assumes that all mineral particles have equal surface roughness after comminution. This Is 

an Important assumption given that grain cleavage, and therefore the characteristics of the mineral 

surface. Is dependent on the mineral species present. An Increased surface roughness will Increase 

the surface area per unit volume of comminuted ore a t any given particle size.

20 Note that the fraction 2/3 Is used In the equation to relate particle surface area to the lixiviant 

diffusion path length within the ore particle.

21 Although concentration Is usually expressed In mol .dm-3, C r is expressed In moles (making this 

equation dlmenslonally correct) because the rate of reaction a t any given point on the ore surface Is 

Independent of the total lixiviant volume.
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4.3.4.2 Rate oc Lixiviant Diffusion Path Length

The second component of the leaching model uses lixiviant flux to determine the 

reaction rate. Assuming that the particle remains essentially intact during the 

leaching process, the time taken for lixiviant to reach active components will 

gradually increase as the zone of reaction within the ore particle shrinks towards 

the core. Where there is an excess of active components available to react at a 

given reaction boundary, the maximum rate of lixiviant flux to that boundary will 

be rate-limiting (for example, in large ore particles leached using a lixiviant of 

low concentration). Under these conditions the lixiviant flux for the reaction 

boundary of mineral fraction H will be:

aRH = — ^R,̂ R i (Equation 4.25)

L o 0 - ® h ) 5

where: ocrh is the flux of lixiviant R at mineral boundary H (mol.s*1); 

kR is a diffusion constant for lixiviant R (m.s-1).

Hence for a single mineral fraction H the mass transfer of H into solution will be 

controlled by the lixiviant flux, or:

M'„ = = kB'C B (Equation 4.26)
d t L0 (1-0^3

Value a represents the number of moles of lixiviant available at a given mineral /  

lixiviant interface per unit time. It represents a factor that may constrain the rate 

of species dissolution under conditions of limiting lixiviant availability. Under 

conditions of excess lixiviant, the rate of dissolution is controlled by mineral 

surface area, as described in Section 4.3.4.1. When minerals compete for a  

limited quantity of lixiviant, this equation acts to control the rate of dissolution.

Calculated values of lixiviant flux tend to limit the rate of reaction within the 

mineral particle rather than at the surface, where the lixiviant diffusion distance is 

very small. An important limitation of these calculations is that lixiviant diffusion 

into the ore particle is assumed to be uniform across the reaction boundary.
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Analysis of mineral structure shows this not to be the case in practice, where 

lixiviants diffuse into the particle via fissures and pores within the grain matrix. This 

scenario is similar to that described in the breakdown of shrinking core 

assumptions in Section 4.3.4, where uneven dissolution of gold was illustrated at 

the ore particle surface. This would lead to non-uniform values of lixiviant flux 

across the reaction boundary, which could lead to lixiviant fiux constraining the 

rate of reaction much sooner within some areas of the ore particle.

4.3.4.3 General Equations for Mineral and Gold Reaction

These two components are used within EPIGOLD to derive general equations 

describing the reaction of active mineral components with lixiviant solution. First, 

for a given reaction boundary and set of reactions between lixiviant R and X 

active components, the rate of reaction is proportional to the surface area of 

active mineral components when:

X-l

where: Rrx is the stoichiometric ratio for the reaction between Rand K  

M'x is the mass transfer of X into solution.

Under these conditions, the new solution concentration for each reacted 

component will be:

where: C'x is the new concentration of component X (moles);

Cx is the current concentration of component X (moles); 

M'x is the mass transfer into solution of component X (kg.s*1); 

rx is the RMM of component X (grammes).

Therefore, the new lixiviant concentration will be:

(Equation 4.27)

Cx = Cx + M i 1 
•x V0.(l -  D0)

(Equation 4.28)

(Equation 4.29)
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For a given reaction boundary and set of reactions between lixiviant A and X 

active components, the rate of reaction is proportional to the lixiviant diffusion 

path length when:

X=1

Therefore the rate of component (gold or mineral) reaction is proportional to the 

maximum rate of lixiviant flux, or:

4.4 Tier Two: Physical Properties

Lorenzen & Deventer (1994:4) identified two components of ore microstructure 

that influenced gold recovery: (a) the size of gold grain and its association with 

host minerals, and (b) the type and mass proportions of each mineral fraction. 

Models predicting gold exposure as a function of grain size have been 

developed by Lorenzen & Deventer (1994), Wen et al (1996) and Yingling (1991). 

The effect of ore microstructure on grain cleavage has been modelled by Hsih, 

Wen & Kuan (1995). The latter authors have also studied how the type of gold 

dissemination within the ore influences liberation efficiency.

4.4.1 Grain Size and Association

Gold grain size has an important bearing on the efficiency of recovery; small 

grains of - 1 0  microns diameter disseminated throughout the host mineral may 

prove difficult to liberate effectively from the gangue minerals (Hayes, 1993:24). 

Although this is not as critical for the recovery of gold when the ore is porous 

(lixiviant can still contact with gold within the matrix), the size and distribution of 

gold grains affects gold exposure when the gold is found as inclusive grains 

within the host mineral.

(Equation 4.30)

(Equation 4.31)
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Cubic geometric models proposed by Wen et al (1996) have predicted gold 

exposure within inclusive ores as a function of the ore particle to gold grain ratio. 

For a given ore they define a variable K as D/d, where D is the host particle 

diameter and d the mineral or gold grain diameter. Lorenzen & Deventer 

(1994:6) use the equivalent term 'mean intercept length', which they define as 

the mean linear distance through an ore particle to any gold grain within the ore 

particle.

Wen et al (1996:1) classified exposure within inclusive ores using two modes of 

fracture: (a) inter-granular fracture where cracks propagate between mineral 

grains, and (b) trans-granular fracture where cracks propagate through mineral 

grains. This is in recognition that inter- and intra-molecular bond strengths within 

the mineral lattice affect the behaviour of ore during size reduction (Hsih et al, 

1993:160 and Hayes, 1993:26). These fracture modes are illustrated in Figure 4.7.

1NCLUSIV E COMPONENT

;

EXPOSED GRAINS H

ORE PARTICLE BOUNDARY 

MATRIX GRAIN LATTICE

Figure 4.7 Fracture modes.

For a regular mineral lattice, this figure shows the difference in inclusive volume 

(represented by the hatched section in the centre of each mineral grain) for the 

two fracture modes. Intra-granular fracture produces a lower inclusive volume as
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cleavage along grain boundaries exposes a greater proportion of the mineral 

grains to contact with leaching agents.

Wen et al (1996:218) studied the geometry of their cubic model, in particular the 

ratio of mineral grain 0) to ore particle (L) radius. They derived equations based 

on this geometry to represent the volume of exposed ore particle for given 

values of I and L. For intra-granular fracture:

_ K *-(K -2 ?  _ 6 l f - 12K + 8  ^
I K3 K

where: Fi is the fraction of gold exposed by intra-granular fracture;

K is L/l, where L is the radius of the ore particle and I the radius of 

the gold grain (metres).

And for trans-granular fracture:

(Equation 4.33)

where: Ft is the fraction of gold exposed by trans-granular fracture.

For a given value of K22, Fi >Ft.

4.4.2 Mineral Type

When Equations 1.32 and 1.33 were used to estimate the fraction of leachable 

gold within a given ore it was found that for certain ores this figure was being 

underestimated, indicating that the physical properties of the ore were 

influencing gold exposure (Lorenzen & Deventer, 1994:6). Wen et al (1996:221) 

identified two distinct ore types whose presence affected gold exposure; these 

are illustrated in Figure 4.8.

22 The numerical solutions to these equations generate fractions > 1 when K<2 and K<1 for Intra- and 

trans-granular fracture respectively. Above these values, complete exposure of the gold Is assumed.
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ORE TYPE TYPIC A L HOST ROCK A V A ILA B LE C O LD

TYPE A
Unexposed inclusive

TYPE A
Exposed inclusive < s s

Sulphide or silicate

Sulphide or silicate

TYPE A
Liberated grains

S ." Sulphide or silicate

TYPE B
Oxidised matrix

Oxide

Figure 4.8 Availability of leachable gold as a function of ore type.

Gold liberation in ore type A was found to be inversely proportional to particle 

diameter, and mineralogical assays revealed this was due to the gold being 

associated predominantly with the non-porous sulphide mineral fraction.

The availability of gold disseminated in ore type B was found to be generally 

independent of particle size. This indicated the gold grains were associated with 

the porous mineral fraction, and assays revealed this to be composed of oxide 

minerals.

4.4.3 EPIGOLD Liberation

It was proposed to combine the geometric models of exposure developed by 

Wen et al (1996) with a modified function for mineral porosity similar to that used 

by Lorenzen & Deventer (1994:6) to correct for underestimations of leachable 

gold. The revised model would be used to calculate the proportion of gold 

exposed by comminution of ores (and hence available for leaching) within 

EPIGOLD.

First, consider gold associated with H mineral fractions (1,2,3...H) in ore O. 

Although the gold grade of each host mineral may vary, the fraction of
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leachable gold made available by exposure is dependent on the ore particle 

and gold grain diameters. Hence for the two fraction modes described in 

Equations 1.32 and 1.33, if the gold is assumed to be distributed homogeneously 

throughout the host minerals, the fraction of leachable gold Is equal to:

F0  = p,.F, +((1 -  p,).FT) (Equation 4.34)

where: Fo is the fraction of gold available for leaching in ore O;

pi is the probability of inter-granular fracture occurring in ore O;

Fi is the gold fraction exposed by intra-granular fracture in ore O;

Ft is the gold fraction exposed by trans-granular fracture.

While Equation 1.34 is true for non-porous ores, it will underestimate leachable 

gold in porous mineral components. Fo is therefore modified using a porosity 

constant <p for each mineral fraction when calculating the mass of available 

gold, Mo, in host ore O:

Mo = £ k .M „ .rn J +  [0 -^ )F o.M„.rnJ (Equation 4.35)
H-l

where: Mo is the mass of available gold in host ore O (kg);

<Ph is the porosity constant for mineral H;

mH Is the gold grade of host mineral H (kg.kg mineral-1).

This equation means that, as the porosity of each mineral fraction increases, the 

relative influence of comminution on gold exposure decreases. Given that Fo is 

multiplied by l-<p the maximum value for Mo is equal to the total mass of gold in 

the ore.

Implementation of this exposure model is discussed in Section 6.5.4.

4.5 Tier Three: Ore Types

The previous two tiers have characterised ores on the basis of chemical 

properties exhibited by mineral components, and the physical properties 

created by mineral associations. Tier three uses these properties in combination
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with selected data to describe the general properties of ore types used in 

EPIGOLD.

Gold-bearing ores contain a number of different mineral associations, with 

silicates forming the greatest mass fraction. For example, analysis completed by 

Ubaldini et al (1997:115) showed that more than 80 percent of the ore 

characterised for their research was composed of silicon dioxide. Nine different 

silica morphologies are known to exist, the most common of these being quartz.

The remaining fractions are typically composed of minerals containing copper, 

lead, zinc, nickel, iron and arsenic (Hayes, 1993:21). Compounds formed from 

the latter two are particularly common in precious metal ores (for example as 

pyrite, FeS2, or arsenopyrite, FeAsS); this has various environmental implications 

that are discussed later.

The associations formed between gold and other minerals within the gold- 

bearing ore are limited by gold's nobility. This reluctance to react with other 

compounds within the ore is a function of specific chemical attributes; the full 

outer d-shell is poorly screened from the nucleus, increasing the affinity of the 

single electron in the adjacent s-orbital. This greatly reduces the ability of the 

latter to participate in compound formation. Hence gold can be found as solids 

associated with minerals such as pyrite, as 'free' gold grains disseminated 

throughout the ore and more rarely as gold telluride minerals such as hessite 

(Ag3AuTe2).

Various examples of precious metal ores are given in the literature; mineral types 

and data concerning their relative abundance used within this research are 

based on information provided by the USEPA (1994b:I*10), Ubaldini et al 

(1998:115), Barr & Acton (1998:41) and on tables of elemental abundance 

compiled by Hayes (1993:19-21).

Precious metal ores constructed for EPIGOLD follow these principles, using 

mineral types described by Larderel et al (1992:7) and Nelson & Leicht (1994:13).
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Minerals used to characterise ores are listed in Table 4.2. Quartz is chosen here to 

represent silicate minerals.

Table 4.2 Minerals typically associated with gold23.

Name Formula Compound class

Arsenopyrite FeAsS Sulphide

Haematite Fe203 Oxide

Nickel Oxide NiO Oxide

Calcite CaC03 Carbonate

Chalcocite CU2S Sulphide

Chalcopyrite CuFeS2 Sulphide

Cuprite CU2O Oxide

Millerite NIS Sulphide

Pyrite FeS2 Sulphide

Quartz Si02 Oxide

Smithsonite ZnC03 Carbonate

Sphalerite ZnS Sulphide

Zincite ZnO Oxide

The USEPA (1994b:I*10) gives example ore types classified on the basis of their 

mineral composition, specifically the mass proportions of each element. The 

elemental composition of these ores can be related to the minerals listed in 

Table 4.2 to give representative mineral compositions for three example ore 

types. These are illustrated in Table 4.3.

23 Not all these minerals are commonly found In gold-bearing ores; nickel oxide in particular Is quite 

rare. However these have been Included because of ore treatment processes that liberate gold by 

sulphide mineral oxidation and hence may be present In a  treated ore characterised by this 

research.
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Table 4.3 Example ore types.

Component Normal Sulphidic Oxidised

FeAsS 99 ••• •

Au 9 • •

NiO 9 • • •

Fe2C>3 99 • • ••

CaC03 99 • • •

CU2O 99 • • •

Cu2S 99 • • •

CuFeS2 9 • • •

FeS2 9 • • •

NiS 9 • • •

SI02 999 ••• • ••

ZnCOs • • • •

ZnO 99 • • ••

ZnS 99 • •• •

The table shows variation in composition compared to a 'normal' ore type, 

which contains approximately average mass proportions of common minerals. 

Gold is assumed here to be disseminated throughout each mineral fraction as 

'free' gold grains.

To facilitate comparison of different ore types, three qualitative indications of 

composition are given for each component indicating presence at high ('•••'), 

medium ('••') or low ('•') mass proportions24. In comparison to the 'normal' ore 

type, the oxidised ore contains elevated fractions of oxide and carbonate 

minerals. The sulphide ore contains increased proportions of sulphide minerals,

24 It should be noted that these indicators are not absolute and are specific to each component. For 

example gold Is typically present at only a few parts per million, while iron Is usually present at more 

than 1 part per 100(USEPA, 199b:l'°).
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particularly copper and zinc. This includes arsenopyrite, so the sulphide ore may 

also be considered an arsenic-rich ore.

It is important to recognise here the significance of changes in the type and 

presence of different mineral species. Ore mineralogy has a general effect on 

the process of gold recovery by virtue of the different associations between gold 

and gold-bearing minerals. However, those minerals containing arsenic and 

sulphur have the ability to generate additional environmental burdens and 

hence are recognised as being particularly problematic. Specific environmental 

burdens associated with different ore mineralogies are discussed In Section 5.2.5, 

and the actual mass fractions used to characterise each ore in EPIGOLD are 

given in Appendix G.

4.6 Level Two: Unit Process Operation

Typical unit processes used In the recovery of gold are represented within level 

two of EPIGOLD. These relate the ore mineralogy described in level one to the 

generation of outputs and environmental burdens described in the next chapter, 

and are illustrated in Figure 4.9 by a conceptual flowsheet.

The flowsheet is divided into three sections, and the first concerns the processing 

of ore received by the mill. This involves: (a) comminution, or size reduction, (b) 

concentration, and (c) optional pre-treatment of the concentrate. Models 

developed by EPIGOLD had to predict the behaviour of ore during crushing and 

grinding from its physical characteristics, specifically the useful energy input 

required to crush ore from a given feed to a given product size. By relating these 

data to liberation models described in Section 4.4.1 it would be possible to 

determine the degree of size reduction required to produce comminuted ore 

with characteristics that would match a given leach operation. Pre-treatment is 

important for concentrates that are difficult to leach (refractory) either because 

of: (a) the type of association between gold and gold-bearing minerals within
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the ore, or (b) because chemically active minerals present in the ore would 

elevate the consumption of lixiviants. Pre-treatment chemically alters specific 

mineral components, raising the fraction of gold that can be recovered from the 

ore by leaching.

The second section concerns the hydrometallurgical recovery of gold using 

various leach processes. Passive (heap) and active (vat) leaching offer different 

advantages for gold recovery, with the former typically employed to leach low- 

grade ore. It is envisaged that a trade-off exists between the greater energy 

costs of producing a finely milled ore and the increased recovery efficiency that 

might be expected by active leach processes. Models developed to represent 

leaching therefore have to relate ore mineralogy to its behaviour when 

contacted with lixiviant, in order to predict the efficiency of gold recovery for a 

given combination of leach process, ore type and grind size.

The final section represents different treatment processes used to attenuate 

leach wastes before release to a tailings impoundment. The latter is the 

'environmental sink' for barren solutions and slurries (tailings) produced by gold 

recovery processes upstream. Natural polishing relies on atmospheric exposure 

to attenuate effluents, a process that may take weeks or months depending on 

atmospheric conditions and effluent composition. Models developed for 

EPIGOLD therefore have to predict these changes over time as a function of 

compounds contained within the tailings. Where legislation precludes release of 

untreated tailings, active methods are also used to treat wastes produced 

during leaching. Hence the models also have to predict changes in effluent 

composition achieved by active treatment.
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Materials and energy exchanges across the system boundary are shown in grey 

in Figure 4.9; these are discussed in the next chapter. The models developed to 

represent each component of the flow sheet are described in the following 

sections; the relevant section numbers are also indicated in Figure 4.9.
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Figure 4.9 EPIGOLD conceptual flowsheet.
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4.7 Section One: Comminution and Concentration

Comminution and concentration (sometimes referred to as ore beneficiation) 

prepare run-of-mine ore for downstream metallurgical recovery. Some degree of 

comminution is usually required to liberate the gold from the ore, and where 

metallurgical processing requires elevated grades to enhance efficiency, 

physical separation of ore components will also be carried out.

Comminution theory is concerned with the relationship between energy input 

and product size from a given feed size of ore (Wills, 1997:112). In practice the 

behaviour of ore particles during comminution is complex, the mechanical 

properties of which are determined by inter- and intra-molecular bonds within 

the mineral lattice.

Bond (1952:486) defined comminution as:

'...(processes) in which mechanical kinetic energy is transformed into 

heat through internal and external friction, under conditions such 

that critical strains are exceeded and the material is broken.'

The energy expenditure to achieve this is considerable, typically 40-65 percent of 

total power consumption in producing a mineral concentrate by mineral 

processing (Wen et al, 1996:216). Small changes in process performance or the 

product size selected by the operator may therefore show up as significant 

changes in energy consumption.

Various theories have been developed to relate energy expenditure to the new 

surface area produced or reduction in volume. These made various assumptions 

about the process in order to simplify the derived relationships, specifically that: 

(a) the ore is brittle (or inelastic) and (b) no plastic deformation occurs before 

breakage. These represented significant limitations to the original theories, given 

that the useful work done in actual size reduction is very low (Wills, 1997:112). They
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therefor© failed to explain satisfactorily '...the energy input necessary in 

commercial installations' (Bond, 1952:484).

Empirical testing of ore grindability represents a more 'pragmatic' (Prasher, 

1987:216) assessment of energy required during size reduction. Standardised 

laboratory apparatus can be used to determine grindability indices for specific 

ores. These in turn can be used to calculate the energy consumption of 

commercial mills. The Hardgrove and Bond indices are the most well-known, and 

have become associated with the design of vertical spindle and ball mills 

respectively.

4.7.1 Third Theory of Comminuti on

Bond (1952:486) states the Third Theory of Comminution as:

'The total work useful in breakage that has been applied to a stated weight of 

homogeneous broken material is inversely proportional to the square root of the 

product particles.'

This was derived from two assumptions (Bond, 1952:486): (a) that the average 

input required is proportional to D5/2 ( in te rm e d ia te  between the values of D2 and 

D3 originally proposed by Rittinger and Kick), and (b) that the number of particles 

per unit volume varies as 1 /D3. Hence the energy input required per unit volume 

varies as D5/2/  D3, or the inverse square root of the product.

From this Bond (1952:486) derived the following general equation to calculate 

energy input for size reduction of ore O, when the work index B for that ore has 

been calculated from grindability tests.

where: Wo is the work input to a machine reducing ore O from a definite 

feed size to a definite product size (kWh.short tonne-1);

(Equation 4.36)
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W' is the work index (kWh.short tonne-1);

Lf is the ore feed size (m);

Lp is the ore product size (m).

4.7.2 EPIGOLD Comminution

The Bond index has been used as the basis for comminution calculations in 

EPIGOLD, given the wide availability of data in texts such as Wills (1997:113), 

Hayes (1993:62) and in the original research completed by Bond (1952). The units 

given in Equation 1.36 have been converted to SI units25 for EPIGOLD:

where: W is the work input to a machine reducing ore O from a definite 

feed size to a definite product size (MJ.kg-1);

While Bond's empirical theory suggests that energy consumption can be 

predicted from the relationship for any given feed and product sizes, Hayes 

(1993:51) notes that in a typical comminution circuit, size reductions carried out 

by any one machine are usually no more than 5:1. A series of machines would 

therefore be used within a circuit to crush the ore from, for example, -1  metre for 

run-of-mill to -200 microns for ground concentrate. Hence for n machines 

(l,2...n) Equation 1.37 becomes:

where: Wo is the work input to a machine reducing ore O from a definite 

feed size to a definite product size (MJ.kg-1);

Un is the ore feed size for machine n (metres);

Lpn is the ore product size for machine n (metres).

(Equation 4.37)

(Equation 4.38)

25 One short tonne equals 907kg and 1 kWh equals 3.6MJ.
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Bond work indices used in EPIGOLD are given in Appendix H.

4.7.3 Concentration

While the model described in Section 4.4.3 may be used to represent gold 

exposure at a range of ore particle sizes, the overall gold grade of the product 

remains constant. Some metallurgical operations may benefit from an increased 

gold grade, achieved by reducing the fraction of gangue minerals in the feed. 

Concentration can be carried out when fine comminution of ore produces 

significant liberation of gold from the gangue matrix. This scenario occurs within 

EPIGOLD when feed ore is ground in preparation for vat leaching, a process 

used preferentially at higher grades (USEPA, 1994a: 1-25 and 1-39).

Concentrate grade and recovery efficiency are the two most widely accepted 

measures of assessing metallurgical performance (Wills, 1997:19). Their 

relationship is strongly influenced by the type of physical association between 

gold and different mineral components, described previously in Section 4.4. As 

the required grade of gold in the concentrate increases, the recovery efficiency 

falls as a greater proportion of gold is lost to the tails.

Schulz (1970:56) proposed a composite term 'Separation Efficiency' to describe 

the metallurgical efficiency of values recovery as a function of concentrate 

grade and recovery efficiency. This has been used as the basis of calculations in 

EPIGOLD, and can be defined as:

s = FG -  Fg (Equation 4.39)

where: s is the separation efficiency (percent);

Fg is the fraction of values in the concentrate (percent);

F0 is the fraction of gangue in the concentrate (percent).

Hence a concentrate containing 100 percent of the values originally present in 

the ore and 0  percent of the gangue will have been produced with an
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efficiency of 100 percent. Wills (1997:30) terms this condition 'perfect milling', 

though of course In reality it is difficult to achieve.

The term Fg can be related to the metal assay values of concentrate and tails by 

using an additional term, Fp. to represent the fraction of the total feed mass that 

reports to the concentrate (referred to here as the product):

where: Fp is a fraction representing the feed mass reporting to the 

concentrate;

ap is a fraction representing the concentrate metal assay value;

Of is a fraction representing the feed metal assay value.

A similar approach can be taken to defining Fg as:

where: oh is the metal content of host mineral H.

The term oh represents the maximum metal assay value of concentrate 

composed of pure host mineral. For example, chalcopyrite (CuFeS2) contains 

34.63 percent copper by mass and this would be the maximum value of oh for a 

metal assay of copper within the pure host mineral.

Schulz (1970:66) combined these two equations to give the following definition of 

Separation Efficiency from assay values, representing the division of concentrate 

into valuable minerals and tails:

4.7.4 EPIGOLD Concentration

Gold-containing ores represent a special case for concentrate calculations. 

Rather than the metal forming a compound, gold is typically found as the native

(Equation 4.40)

Fg =100x (Equation 4.41)

(Equation 4.42)
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metal or as a tellurium alloy (telluride). This means that separation of selected 

mineral species from the ore does not necessarily concentrate the gold, as this 

depends on the pattern of gold dissemination within each mineral species. If the 

gold is evenly disseminated (for example as a fine 'flour gold') throughout the 

ore this can be problematic.

This project assumes that gold is found as the native metal associated with 

specific host minerals. Therefore the maximum assay value for gold physically 

separated from the gangue minerals is assumed to be 100 percent. However, 

given the very low initial gold grade, the aim of concentration is to produce a 

concentrate with an elevated product grade that contains a high fraction of 

leachable gold. Hence two parameters are used to describe this process and 

the composition of the concentrate produced from the feed: (a) the 

concentrate grade, and (b) the separation efficiency.

Assuming that gold can be concentrated from each mineral fraction with 

varying degrees of success (a function of different physical and chemical 

properties exhibited by the mineral), the overall separation efficiency can be 

calculated in two stages. Firstly, the fraction of feed weight of each host mineral 

reporting to the concentrate can be calculated by re-arranging Equation 1.41 

to give:

FPH = 100 x FGH x — }—  (Equation 4.43)
a p/a FH

where: Fph is the fraction of host mineral H reporting to the concentrate; 

Fgh  is the recovery efficiency of gold from host mineral H; 

ap is a fraction representing the concentrate metal assay value; 

O hf is a fraction representing the feed metal assay value for host 

mineral H.

Finally, the overall separation efficiency can be calculated from:
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g _ 1 9 2 . x V  ~̂PH ( ° P  ^FH)

H  £ L (1 -A fh)\h
(Equation 4.44)

where: H is the total number of host minerals.

4.7.5 Ore Pre-Treatment

Chemical treatment of an ore is sometimes required prior to leaching to liberate 

gold from refractory ores. This term literally means 'resistant to ordinary 

treatment', and can refer to specific properties of the ore that interfere within 

the leaching process. In this context sulphide ores are considered refractory 

because: (a) Wen et al (1996:221) have demonstrated that gold tends to 

associate with this mineral group as inclusive (or locked) grains, physically 

preventing the lixiviant from leaching the gold, and (b) sulphide minerals can 

react with lixiviants, increasing reagent consumption during leaching. Both issues 

can make untreated ores uneconomic to leach.

Two pre-treatment options are considered here, and these are described in the 

following sections. The significant environmental burdens that may be 

associated with ore pre-treatment are described in Section 5.2.7.

4.7.5.1 Ore Roasting

The heating of sulphide minerals causes their decomposition, during which 

sulphur dioxide is evolved. This process is illustrated for pyrite in the following 

equation:

The change in chemical structure of the mineral (from sulphide to oxide) allows 

the lixiviant to leach gold that was previously locked within the mineral. When 

the ore contains arsenic this too can be oxidised by roasting. For example, if the 

pyrite in Equation 1.45 is substituted for arsenopyrite the decomposition process 

becomes:

F̂eŜ s) +1 ^2(g) =* 2F©2̂ 3(s) + 8S02(g) (Equation 4.45)
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2FeAs%) + 502(g) ^  F©20 3 (S) + As2 0 3 (g) + 2S02(g) (Equation 4.46)

Ore roasting is retained here as one of two pre-treatment alternatives given that 

sulphur dioxide off-gas can be used by the INCO SO2/AIR treatment technology 

(described in Section 4.8.5.2) as a process input. For this research a 

stoichiometric model has been developed to calculate the production of 

sulphur and arsenic oxides from the sulphide ores listed in Section 4.5, which is 

described in Section 5.2.7.1.

4.7.S.2 BIOX Treatment

Various alternative technologies have been developed to treat refractory 

sulphide ore containing arsenic prior to leaching. BIOX is one example that has 

been developed commercially by General Mining, Metals and Minerals, Limited 

(GENMIN) that uses bacterial oxidation to liberate gold associated with 

arsenopyrite (Broadhurst, 1993:4). The process mechanism is summarised for 

arsenopyrite in the following equation:

2FeAs%)+ 7 0 ^ +2H2oa)+H2S04(ap) (Equation 4.47)
Bacteria

=> Fe2(S04)3(oq) + 2H3As04(aq)

Hence the oxidation produces ferric sulphate and arsenic acid. Given that both 

these components are soluble they can be washed from the ore solids 

(containing the gold) which then pass downstream for conventional leaching. In

the BIOX process the acidic effluent is neutralised with lime which causes the

precipitation of metal ions as hydroxides, and in the case of arsenopyrite the 

formation of stable ferric arsenate, FeAs04(s). This process is illustrated in the 

following equation (after Broadhurst, 1993:4):

Fe2(S04)Kaq)+HjAsÔ gqj+1 /2H2so4(aq)+7/2CaCQJ(aq) (Equation 4.48)
=» FeAsÔ j) 4 -ffeCOH  ̂4 +7/20050^ + 7/200^ +1ITHJDq

A second stoichiometric model is used by EPIGOLD to represent this process, 

which is described in Section 5.2.7.2. The treated concentrate can be used as a
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feed in leaching and recovery processes, which are described in the next 

section.

4.8 Section Two: Leaching and Recovery

Hydrometallurgical recovery can be split into three stages: (a) the contacting of 

lixiviant with ore to produce pregnant leachate containing the gold, (b) the 

separation of gangue ore solids from the leachate and (c) recovery of gold from 

the pregnant leachate. The technologies reviewed in Section 2.8.3 share two 

basic principles:

1. A high ratio of ore surface area to unit volume of lixiviant is maintained in 

order to promote dissolution. Although the typical ore particle size quoted by 

Hayes (1993:231) for heap leaching is significantly larger than for vat 

leaching, this is compensated for by the greater mass of ore used on the 

heap leach pads relative to the volume of lixiviant used.

2. The lixiviant is relied upon to provide strong and selective dissolution of gold; 

this procedure is reversed during gold recovery, either by precipitation of 

gold with a more chemically active metal (such as zinc in the Merril Crowe 

process) or adsorption of gold onto activated carbon.

The application of these principles changes depending on the type of leaching 

technology employed. Vat leaching occurs in a stirred tank reactor, while heap 

leaching recovers gold by trickling lixiviant through a packed ore bed. Two 

different models are therefore required by EPIGOLD to describe how lixiviant is 

contacted with the gold, and these are described in the following sections.

4.8.1 Agitated Leaching

The vat leaching of ore slurry contacts lixiviant with the ore in a series of 

continuously stirred tank reactors (CSTR). Fresh lixiviant and unleached ore slurry 

enter at the start of the circuit (unidirectional flow) or at opposite ends (counter
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current flow), and leaching occurs as the components are pumped around the 

circuit. Counter-current flow exposes leached ore to fresh lixiviant first, improving 

the recovery of gold from ores that are difficult to leach.

This process can be simplified by assuming that each vat is perfectly mixed, a 

condition which Hayes (1993:591) defines as occurring when '...all materials are 

dispersed instantaneously and uniformly'. Actual operating conditions 

approximate to perfect mixing; leaching vats use compressed air or impellers to 

agitate the slurry.

The time available for leaching (or retention time) can be determined when 

certain operating parameters are known. Under incompressible steady-state 

conditions for a CSTR, the mean retention time for fluids or materials within the 

reactor can be defined as:

4. M V ^
n = M7 = V7 (Equation 4.49)

where: tn is the retention time for reactor n (s);

M is the mass of material in the reactor (kg);

V is the volume of materials in the reactor (m3);

M' is the mass feed rate (kg.s-1);

VI is the volumetric feed rate (m3.s-]).

Hence for n identical reactors, the total leaching time can be given as ntn.

4.8.2 Heap Leaching

Box & Prosser (1986:78) note three important characteristics of heap leaching 

that distinguishes trickle bed reactors from vat leaching: (a) the concentration of 

lixiviant will decrease as it percolates down through the heap reacting with 

components, (b) the extent of reaction of active mineral components will show 

a corresponding decrease towards the bottom of the heap, and (c) spatial 

changes in ore mineralogy will influence the extent and type of reactions that
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can occur within the ore heap. Reactions are therefore determined by their 

locality within the heap. In reality variations would be expected horizontally 

across the heap as well as vertically, although the former can be ignored if 

radial diffusivity is assumed to be infinite (Trambouze, 1988:389). This is supported 

by observations made by Mears (1971:1361), who noted that axial dispersion is 

insignificant in packed beds with a large depth to width ratio and slow rates of 

chemical reaction (such as precious metal dissolution).

Systems that vary with time and space may be described analytically by partial 

differential equations (PDE), but when presented by a number of unknown 

variables it is more convenient to model the heap numerically by division into a 

number of finite elements, with calculations completed sequentially for each 

element. This is an approach taken by Box (1986), Lima, Villas-Boas & Kohler 

(1998) and Sanchez-Chac6 n & Lapidus (1997).

This concept is illustrated in Figure 4.10. Lixiviant entering the leach pile starts to 

percolate through the first element at time t. Assuming that the heap acts as a 

plug flow reactor26 (PFR), the time taken for the lixiviant to reach the second 

element is determined by the percolation time (or interstitial fluid hold-up) tn i. This 

continues to element n, which the lixiviant reaches at time t + tn i +  W  . . .  +  W d .

26 In this case plug flow describes the percolation of lixiviant through the heap with uniform velocity, 

exiting the heap having spent the same amount of time within each element (Hayes, 1993:590).
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Lixiviant enters heap at 
time t

Element 1
Percolation time 

through Element 1 is fn; Lixiviant enters Element 2 
________________________  a t t im e t+ tn i

Element 2
Percolation time 

through Element 2 is tm

Lixiviant enters Element n
at time t+tni+tr̂  .. .+tn(n-l)

Element n
Percolation time 

jh Element n is tn*nthrough Element n is tf

Figure 4.10 Heap leach finite elements.

It was decided to use this finite element model as the basis for heap leach 

models developed for EPIGOLD, whose implementation is described in Section 

6.5.9.2.

4.8.3 Lixiviant Systems

The choice of lixiviant is integral to the process of leaching and recovery. 

Leaching solutions are comprised of a number of separate chemical 

components, each performing a task relating to the leaching process. The 

central role of gold dissolution is carried out by an oxidant and ligand, which 

must both be present in solution otherwise the gold will not dissolve. Additional 

compounds may be required to modify or enhance the behaviour of the ligand 

and oxidant; some lixiviants require catalysts to increase the rate of dissolution 

(Sparrow & Woodcock, 1995:197).

Given the predominant use of cyanide-based lixiviants for gold recovery (see 

Mitchell, 1997:1 and Sparrow & Woodcock, 1995:193) this reagent is an obvious 

first choice for inclusion in EPIGOLD; indeed all the effluent treatment 

technologies reviewed in Section 2.8.3 are oriented towards remediation of 

cyanide-containing tails. Of the other lixiviants proposed by researchers, thiourea 

has received the greatest attention by researchers (Ubaldini, Fornari, Massidda &
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Abbruzzese, 1998:113), although commercial application is typically 

uneconomic; current technologies have been unable to overcome high 

reagent consumption and a tight operating window controlled by several 

parameters (Adams, 1996:9).

Thiosulphate has been chosen as the alternative lixiviant to cyanide. It leaches 

gold with a similar chemical mechanism to cyanide, is cheap and non-toxic and 

can recover gold with efficiencies approaching those of cyanide (Caixia & 

Qiang, 1991:275). For these reasons interest has been shown by the Newmont 

Gold mining company in using an ammonium thiosulphate lixiviant to treat a 

sulphide ore which was consuming elevated levels of conventional cyanide 

reagents during leaching (Wan & Brierley, 1997:77).

The following sections outline the chemical mechanisms used to represent each 

lixiviant, as well as other aqueous reactions that may occur involving the mineral 

components listed in Section 4.5.

4.8.3.1 Uxiviant Makeup

Sparrow & Woodcock (1995:196) have compiled data on a number of leaching 

systems, and detail compounds used in lixiviant makeup. Both cyanide and 

thiosulphate require: (a) compounds providing a source of ligand, and (b) 

components that modify solution pH to promote action of the ligand. 

Thiosulphate requires an additional copper catalyst; leaching of ores with a low 

copper content is enhanced by the addition of copper sulphate.

Table 4.4 gives example choices and quantities of reagents used for each 

lixiviant (after Sparrow & Woodcock, 1995:196 and Caixia & Qiang, 1991:277).
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Table 4.4 Cyanide and thiosulphate lixiviant makeup.

Component Formula Cyanide /  
mol.dm-3

Thiosulphate /  
mol. dm-3

Ammonia NHs 0 2.04

Sodium cyanide NaCN 0.02 0

Sodium hydroxide NaOH 0.5 0

Copper sulphate CuS04 0 0.08

Sodium thiosulphate N02S203 0 0.06

The following sections describe the principal mode of action for each lixiviant; 

specific reactions used to represent the leaching process are given in Appendix 

F.

4.8.3.2 Cyanide: Mode of Action

The complexing and dissolution of gold via formation of the cyanide complex is 

described by Eisner's equation, which was given in Section 2.6. Cyanide reacts 

with free gold in the ore to form the soluble and moderately strong complex 

sodium aurocyanide (4NaAu(CN)2(aq)). This explains the requirement of alkaline 

conditions for leaching, which maintains the hydrocyanic acid /  cyanide 

equilibrium to favour acid dissociation.

In this project the following stoichiometric equation is used to represent the 

dissolution of gold and formation of aurocyanide complex.

2 0 ^ , ,  + Aus, =» (A iX C N )^  + (Equation 4.50)

This electrochemical process is controlled by both the concentration of cyanide 

ions and the dissolved oxygen concentration (which acts as an oxidant driving 

complex formation) at the gold surface (Sparrow & Woodcock, 1995:203). Given 

the low solubility of oxygen, this can detrimentally affect leaching rates unless 

oxygen concentrations are maintained during dissolution by, for example, air 

sparging.



107 EPIGOLD PROCESS MODELS

4.8.3.3 Thiosulphate: Mode of Action

Thiosulphate complexes with gold in a similar manner to cyanide. This process is 

illustrated in Equation 1.51:

Au <9 + 2S20  »  (Au(S (Equation 4.51)

Again, oxygen acts as a mild oxidant promoting complex formation; its 

concentration is an important factor controlling the rate of leaching. This process 

is catalysed by copper which complexes reversibly with ammonia added to the 

lixiviant solution to form cupric tetramine (Cu(NH3)42+); it is thought this complex 

accelerates thiosulphate leaching by aiding the transfer of electrons released by 

the reduction of oxygen (Wan, 1997:161). In Table 4.4 an artificial source of 

copper (copper sulphate) is given, although it can be envisaged that some 

copper ores could act as a natural source of copper where mineral compounds 

dissociate in solution.

4.8.3.4 Leaching Rates

Leaching times vary considerably, given their dependence on: (a) gold 

exposure, (b) gold grade, (c) ore particle size, (d) the presence or absence of 

other minerals that may interfere with the leaching process, (e) the cut-off grade 

chosen by the mine site operator, and (f) the process type used to recover the 

gold. The retention time for vat leaching of concentrates may be in the order of 

a few hours, while heap leaching of low grade ores may take many weeks. For 

this reason leaching times are usually determined empirically by testing ore 

samples prior to full-scale recovery.

Within this project a representative leaching rate is used. Work by Guzman, 

Yapu, Chimenos, Viladevall & Espiell (1994:198) gives an indicative rate for gold 

dissolution; they analysed the process using pure gold in a cyanide solution and 

found it to be 2.93x1 O^kg.m^.h-1. This value is also used for thiosulphate 

leaching, which was investigated by Caixia & Qiang (1991:275). While specific
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leaching rates were not given, optimal retention times (1.3 hours) and maximum 

gold recovery (94 percent) for this process were similar to those for cyanide- 

based lixiviants. These parameters were however characterised by a tight 

operating window, a consequence of the different equilibria that form between 

thiosulphate, copper and ammonia during leaching (Wan, 1997:162).

Leaching rates are modified depending on the presence or absence of 

chemical components cited within the literature as influencing the leaching 

rate. The concentration of these components may be controlled by other 

processes detailed elsewhere, for example oxygen diffusion into the lixiviant 

solution. The list of components and their effects on leaching rate are detailed in 

Appendix F.

4.8.3.5 Mineral Activity

Some mineral components may react with components within solution, including 

the lixiviant itself. In addition to increasing reagent consumption, they may 

complicate effluent treatment prior to release. Many of the side reactions used 

in EPIGOLD involve mineral components that dissociate in solution. This research 

bases mineralogy on three compound types: (a) oxides, (b) sulphides, and (c) 

carbonates, which are assumed to react as follows:

1. Oxides. This mineral group is assumed to be insoluble in neutral solutions, but 

to react with hydroxonium ions in acidic solutions releasing metal ions, or:

2. Sulphides. Minerals containing sulphur are assumed to undergo hydrolysis:

3. Carbonates. This mineral group is assumed to dissociate, releasing metal ions 

and carbonate anions into solution:

MeO(s) + *=> Mê aqj + 20H(aq) (Equation 4.52)

MeS(s) + <=> Me^q)+HS(aq)+ (Equation 4.53)

M eCO^ <=> Me(+aq) + C O ^ (Equation 4.54)
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Specific mineral solubilities are given in Appendix F.

4.8.3.6 Lixiviant Side Reactions

Leaching relies on reagent specificity in order to control unwanted side reactions 

and reduce reagent consumption. This section details side reactions between 

cyanide, thiosulphate and active mineral components; specific reactions used 

to characterise each lixiviant in EPIGOLD are given in Appendix F.

The principal side reaction of concern during cyanidation is the formation of 

metal-cyanide complexes. The type of complex is determined by the metal 

valency; within EPIGOLD these are limited to single metal-cyanide complexes. 

Metal salts may be formed with hexacyanoferrate (Smith & Mudder, 1991:15), for 

example zinc ferrocyanide Zn2Fe(CN)6(s> and copper(l) ferricyanide Cu3Fe(CN)6(s).

The mineral compounds used in EPIGOLD limit the type of single metal-cyanide

complexes to those containing copper, zinc, iron and nickel. Equation 1.55

illustrates this process:

M e ^  + n C N ^  <=> (M eC C N ),)^  (Equation 4.55)

where: n is a varying number;

x is the complex charge.

The thiosulphate ion can also complex reversibly with metal cations present in 

solution; this process is of the form:

MeJ*,, + ri$2O lm) <=> (Equation 4.56)

where: n is a varying number of thiosulphate ions.

Both cyanide and thiosulphate may be lost from solution before forming their 

respective gold complexes. Hydrocyanic acid volatilises readily from solution at 

low pH. Although this is an important mechanism for cyanide attenuation during 

effluent treatment it is not responsible for significant losses during leaching, given
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the generally high pH of leach solutions. This also reduces losses associated with 

the oxidation of hydrocyanic acid to cyanate.

A significant side reaction concerns the degradation of cyanide by thiocyanate 

formation. This requires mobile sulphur species to be present in solution, so the 

presence of sulphide minerals tends to increase reagent consumption. 

Thiosulphate is itself metastable, decomposing in solution via a number of 

intermediate species (Wan, 1997:161) to eventually produce sulphate anions.

4.8.4 Gold Recovery

The dissolution of gold by the lixiviant solution is reversed during recovery. This 

represents the point of exit for gold within EPIGOLD; the model continues by 

considering the treatment and environmental fate of spent leachate.

The two processes typically used to recover gold are carbon adsorption and 

Merril Crowe precipitation. The former is preferential to Merril Crowe 

precipitation, given that it introduces no additional reagents or metals into 

solution that may require treatment (Smith and Mudder, 1991:6). However, when 

an ore has a high silver to gold ratio the efficacy of carbon adsorption is 

reduced and zinc precipitation may be used instead (USEPA, 1994b: 1-37).

EPIGOLD considers both processes at a stoichiometric level only; the limitations 

of this approach are discussed later. For carbon adsorption, gold is adsorbed 

onto the carbon surface releasing cyanide or thiosulphate from the gold 

complex, or:

Carbon^ + (Au(CN)2)(aq) + e => 2CN("aci) +CQrbon.Au(S) (Equation 4.57) 
Carbon^ +(Au(S20 3)2)(a"q) + e~ => 2 8 3 0 3 ^  + Carbon. Au(s)

Zinc precipitation is an electrochemical reaction which reduces gold from its 

univalent state in the aurocyanide complex to a metal precipitate. During this 

process zinc complexes with free cyanide ions forming tetracyanozincate. If free 

sodium ions are present in solution (for example when sodium cyanide was used
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in lixiviant makeup) these may form a double metal precipitate with 

tetracyanozincate.

4.8.5 Leach Effluent Treatment

Leach effluents may contain a variety of compounds that represent an 

environmental hazard if released into the system environment. These inciude 

metal compounds that may have formed during side reactions with the lixiviant 

or the lixiviant itself may be toxic in some way.

As discussed in Section 2.8.3, impoundment of the effluent still provides an 

effective way of attenuating its toxicity, This has been employed with particular 

success to treat cyanide-containing solutions, given the high partial pressure of 

hydrogen cyanide gas which volatilises rapidly from the surface of the 

impoundment. Thiosulphate will also degrade naturally to produce various 

sulphur species.

Active effluent treatment is used to supplement natural polishing when toxic 

compounds present in the effluent degrade too slowly. The following sections 

describe these processes and the reactions used to characterise them within the 

research.

4.8.5.1 Natural Polishing

Figure 4.11 (after Smith & Mudder, 1991:54) shows the various mechanisms 

responsible for changes in solution chemistry within a pond containing spent 

lixiviant solution. Pathways for both cyanide and thiosulphate are shown, given 

that some of the products of degradation are the same (for example, ammonia 

and hydrogen carbonate). Note that the chemistry in the illustration is not 

stoichiometrically correct; specific reactions characterising natural polishing are 

listed in Appendix F.
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Figure 4.11 Natural polishing 

Natural attenuation relies on various environmental mechanisms to degrade 

toxic components. The rate of attenuation may be enhanced by the addition of 

reagents to the effluent stream as it enters the impoundment. In the case of 

cyanide, pH may be reduced to shift the cyanide equilibrium so that it favours 

formation of hydrocyanic acid, which then subsequently volatilises from the 

surface of the pond. This process was identified by Simovic et al (1981:413) as the 

most important mechanism of cyanide loss from impoundments.

Given that metal-lixiviant complexes form equilibria within the solution, a 

reduction in concentration of free ions will cause some dissociation of the 

complexes. This is true for both thiosulphate and cyanide, which complex 

reversibly with a number of metal cations. This is illustrated in Figure 4.11 by the 

pathways labelled 'Me complex', where Me is the metal cation.

The behaviour of iron cyanide is more complex, given that dissociation is 

promoted when the complex is exposed to ultra-violet (UV) light, which changes 

both the rate of dissociation and stability of the complex. This is reported in the 

literature by Simovic et al (1981:421), who describe the effect of UV light on iron 

cyanide decay as 'significant'. The Dictionary of Substances and their Effects
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(DOSE) also reports that cyanide ions at a concentration of lmg.N were 

produced during one experiment when a solution of 5mg.N ferrocyanide was 

irradiated (DOSE, 1993:717). However Smith and Mudder (1991:13) note that 

while prolonged exposure to UV light undoubtedly causes iron cyanide 

dissociation, this is typically at UV light intensities much greater than would be 

expected in natural systems. Certainly this phenomenon is more important in 

shallow ponds with a low suspended solids content, where sunlight can 

penetrate the surface waters.

4.8.5.2 INCO SO2/AIR Cyanide Destruction

Sulphur dioxide is used in the INCO process to augment natural attenuation by 

oxidising free cyanide and cyanide-containing compounds. INCO's process 

works by oxidising cyanide and metal-cyanide compounds to produce cyanate 

and free metal ions, or (after Smith and Mudder, 1995:9):

ci^aq)+ 8 0 * * + Ojfcj+ h2o 0) => OCN- + H jS O ^  (Equation 4.58)
M e C C N ^ +4 8 0 ^  + 4O2(0)+4 ^ 0 ^  => 40CN- + 4HJSO«W)+M ef^

where: Me is any metal ion with a +2 charge (such as Zn2+)- 

The principal chemical reactions are illustrated in Figure 4.12.

-------->Me.Fe(CN)6
| | PRECPITATE r - ■

S02

► Me+ ► Me(OH)x
Nl UIRAI ISt

► H2SO4 -----------------► OQS0 4
OXIDATION — mms-bh, HYDROLYSIS

Me(CN)x ► ► OCN...► nh4*
ON- ► co32-

Figure 4.12 Cyanide oxidation using sulphur dioxide.

The process is specifically designed for the treatment of leach wastes produced 

by the use of cyanide-based lixiviants; neither this or the other active treatment 

process developed by Degussa are used for treatment of the thiosulphate 

alternative considered here.
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This process is represented in Figure 4.12 by the left-hand reaction marked 'SO2 

OXIDATION'. Cyanate produced during oxidation will eventually degrade into 

ammonia and carbonate ions, while the free metal ions react in two ways: (a) 

forming a double metal precipitate with iron cyanide complexes (therefore also 

eliminating the latter from solution), and (b) precipitating as metal hydroxides on 

the addition of calcium hydroxide (which also neutralises sulphuric acid 

produced during sulphur oxidation). These two precipitates are illustrated 

shaded brown in the figure, and the reactions given in the following equations:

M®(aq) + Ca(OH) 2(S) => Me(OH) ^  (Equation 4.59)
2Me (̂ j  + Fe(CN) ̂  «  Me2Fe(CN)6(s)

Specific reactions used to characterise the INCO process are given in Appendix 

F.

4.8.5.3 Degussa Peroxide Oxidation

Like INCO, Degussa uses a strong oxidant to degrade free cyanide and cyanide- 

containing compounds. This process is represented in the following equation 

(after Smith & Mudder, 1995:7):

CN('aq) + H2°2(aq) =>OCN̂oq) + HjÔ  (EqUOtiOn 4.60)
2Cu(CN^-oq) + 7 H A * *  + 20H(aq) => 60CN-(aq) + 2Cu(OH)2(s) + 6H2O0)

The oxidation of free cyanide produces cyanate and precipitates metals as 

insoluble metal hydroxides in one reaction, illustrated in Figure 4.13.

H202 OXIDATION

HYDROLYSISH202 PRECIPITATION
OCN

co3:
Fe(CN)64' |  !RON precipitation*  Me.Fe(CN)6

Figure 4.13 Cyanide oxidation using hydrogen peroxide.
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Iron cyanides are precipitated by reaction with free metal ions to form insoluble 

double metal precipitates. The mechanism for this is the same as that detailed in 

Equation 1.59 for the INCO process.

4.8.5.4 Cyanisorb Cyanide Recovery

The final technology considered in this research is the improved AVR technology 

Cyanisorb, developed by Cyprus Gold New Zealand. This has been developed 

specifically to treat cyanide-containing lixiviants by volatilising low-pH solutions of 

hydrocyanic acid.

As opposed to Degussa and INCO's oxidation technologies, Cyanisorb reduces 

effluent toxicity by recovering cyanide from solution. Stripping of cyanide from 

barren solution does not cause metal-cyanide complexes to degrade (Smith & 

Mudder, 1995:10), but by reducing the concentration of hydrocyanic acid the 

former will begin to dissociate in order to maintain the relevant metal-cyanide 

equilibria. Therefore like natural polishing, the process is driven by the removal of 

cyanide from the system.

The principal advantage of Cyanisorb over the other technologies remains the 

recovery of cyanide for re-use in lixiviant makeup. However, by not treating 

stable iron-cyanide complexes, some cyanide will inevitably remain locked in 

the effluent as it passes to the tailings impoundment.

4.9 Chapter Summary

This chapter has described levels one and two of the conceptual model 

EPIGOLD. These represent: (a) ore mineralogy, (b) the recovery of gold from the 

ore and (c) the treatment of leach effluent generated by upstream unit 

processes.

These chemical, kinetic and unit process models have been used by EPIGOLD to 

model the effect of changes in ore mineralogy on process performance. This
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satisfies Issue One outlined in the research objectives given in Section 2.9. How 

EPIGOLD uses this relationship between burdens and effects to assess 

environmental performance is discussed in the next chapter.



CHAPTER 5. EPIGOLD ENVIRONMENTAL 
ASSESSMENT

5.1 Chapter Introduction

Previous chapters have described gold recovery technologies and associated 

environmental effects. In order to determine how each unit process impacts on 

the environment, EPIGOLD quantifies the materials and energy exchanges that 

occur across the system boundary. Like LCA, the research refers to these 

exchanges as environmentol burdens.

This chapter is divided into three sections, which describe: (a) the classification of 

materials and energy flows between unit processes and across the system 

boundary, (b) the characterisation of burdens using environmental effects 

models, and (c) the integration of environmental effects over a given period of 

operation. These stages are illustrated in Figure 5.1.

CHEMICAL
BEHAVIOUR

PHYSICAL
PROPERTIES

PROCESS
BEHAVIOUR

PROCESS
D E M A N D S

EFFECT
P REDICTIO N

EFFECT
INTEG RATIO N

[~T~] ( ORE MINERALOGY )

T i l  UNIT PROCESS OPERATION

"  UNIT PROCESS BURDENS'

--------------------------------------------------------------------
T i l  E N V IR O N M E N TA L EFFECTS j

E P IG O LD  BEO ASSESSMENT )

* * * * * *

Figure 5.1 EPIGOLD model levels.

Section 5.2 describes how environmental burdens are assigned to each of the 

models described in the previous chapter. This is represented by level three in the 

figure. Many of these burdens are products of the 'primary system', or those 

processes directly concerned with the recovery of gold. However -  in common 

with many life-cycle studies - burdens associated with a secondary system are
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also considered, in this case the generation of grid electricity remote from the 

mine site.

Burdens are used by environmental effects models to determine how the 

receiving environment changes in response to system activity. As discussed 

previously in Section 2.3.1, effect characterisation is a particularly complex area. 

Many effects are: (a) media-specific and (b) have threshold values below which 

there is No Observable Effect (NOE). EPIGOLD uses two different types of effect 

models (described in Section 5.3) to characterise burdens: equivalency values 

for air emissions and toxicity-based threshold values to characterise burdens 

associated with leach effluents.

The final section in this chapter describes how environmental effects are 

integrated over a given period of operation. The method used to integrate 

environmental scores is specific to the effects model; both peak and cumulative 

scores are used by EPIGOLD to determine system environmental performance.

5.2 Section One: Unit Process Activity

Environmental burdens represent the exchange of materials and energy across 

the system boundary between unit processes and the system environment. While 

these are an unavoidable consequence of industrial activity, the fact that a 

burden exists does not necessarily imply that it is 'bad' for the environment -  

merely that the functioning of an industrial system is related in some way to 

natural processes within the biosphere.
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Figure 5.2 shows the materials and energy exchanges that occur across the 

boundary of the EPIGOLD system27. Inputs are shown as blue arrows, waste 

streams as red arrows and dore bullion production as a yellow arrow.

O “?
S %c j) 10 

z  c 
X  O

g> c

Figure 5.2 Materials and energy exchanges across the system boundary.

27. Given that the focus of this research are the different lixiviant and process options available to the 

site operator once the ore has been recovered from the mine, the recovery of ore and 

transportation of ore to the mill is not currently included in the EPIGOLD system. It is recognised that 

there are significant environmental burdens associated with this section of the mining life-cycle, and 

therefore that their exclusion represents an important limitation of EPIGOLD.
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In Figure 5.2 all three sections show energy as an input; comminution, pre

treatment, vat leaching and effluent treatment all require a power input in some 

form during operation. Gangue minerals and tailings are shown as waste outputs 

from mineral processing; although both would pass to the tailings impoundment, 

this indicates different sources for the wastes. Gangue is separated from the ore 

during comminution, but when pre-treatment is carried out the BIOX process 

may produce tailings containing metal precipitates.

Lixiviant is shown as an input for section two of the figure; leaching and recovery 

separates the gold from the ore, and this is shown here leaving the system as 

Dore bullion. Leached ore passes to the tailings impoundment while ore slurries 

and barren solutions pass to effluent treatment processes.

The final section concerns the treatment of leach tails. Energy, oxidants and a 

'sulphur credit' are shown as inputs. The latter concerns the potential output of 

sulphur dioxide from ore pre-treatment which can be used by the INCO process 

to oxidise WAD cyanides. Treated solids separated from barren solutions are 

shown passing to the tailings impoundment.

These materials and energy exchanges are described in greater detail in the 

following sections.

5.2.1 System Functional Unit

Any industrial activity is a trade-off between its economic 'worth' and the 

generated environmental burdens (which may be undesirable). In this case the 

economic value of the system is in the form of precious metal (gold) that has 

been won from the ore, and burdens must be calculated with respect to gold 

production to give the subsequent environmental assessment meaning. This 

important principle underpins LCA methodology, which refers to economic 

production or the 'service' provided by the system as the functional unit (SETAC, 

1993:13).
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The conceptual system used by EPIGOLD considers the processing and recovery 

of gold from run-of-mine ore. The economic product of the system is Dore bullion, 

hence it was proposed to calculate burdens with respect to bullion production. 

This is typically expressed in troy ounces, so the functional unit becomes:

'...per troy ounce of gold recovered from run-of-mine ore. '

Burdens described in the following sections are calculated with respect to this 

unit.

5.2.2 Unit Process Burdens

Given the complex relationship between ore mineralogy, gold recovery and 

process performance, it is to be expected that many of the environmental 

burdens generated by system activity are interrelated. For example, reducing 

the ore particle size will increase gold exposure but at an increased energy input 

representative of greater comminution (and, if over-grinding occurs, increasing 

gold loss to the tails as fines). An analogous relationship can be envisaged for 

lixiviant use; increased reagent concentrations will achieve greater dissolution of 

gold, but may also increase side reactions with active mineral components.

Tradeoffs described here are environmental, rather than economic. However 

the two may overlap, for example where reagents are expensive or sub-optimal 

processes produce increasingly greater environmental burdens as production of 

the economic product drops. Within EPIGOLD the BEO represents the 'best' 

compromise between different sets of environmental effects.

Models representing environmental effects require quantitative information on 

environmental burdens generated by each unit process within EPIGOLD. This 

information is given in the following sections by a series of materials and energy 

balances. Various coloured scripts indicate how each component fits within the 

system; the key is given in Figure 5.3.
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Example Description

Emission (kg) 
Process (m3) 

Lixiviant (moles)

Process burdens
Product passing to or from another unit process 
New process input entering system

Figure 5.3 Process key.

Environmental burdens are shown in red script; these are materials or energy 

exchanges across the system boundary that may be associated with an 

environmental effect within the system environment. Blue script indicates 

exchanges with other unit processes within the system; an internal transfer of 

materials or energy. Green script indicates a component entering the system via 

a given unit process. Units given with each script indicate the type of transfer or 

input.

5.2.3 Power Generation

Two different energy sources are used within EPIGOLD by a variety of unit 

processes. It is envisaged that the majority of processes would use grid 

electricity. However, remote mine sites might use diesel plants as an alternative 

means of generating electricity and mobile crushing units would be expected to 

use diesel as a fuel source. Because EPIGOLD makes its performance assessment 

on run-of-mine ore, the consumption of energy by plant equipment used within 

the mine itself to extract the ore is ignored -  this represents a limitation discussed 

later.

Calculating the burdens of power generation with respect to the functional unit 

is a three stage process. The first is to assign emissions to the combustion of fossil 

fuels during the generation of power. Two data sources were used for this 

research; the USEPA (1995) provides emissions data for diesel combustion and 

the Department of Trade and Industry (1997:217) gives data for various fossil 

fuels. Figure 5.4 shows the emissions assigned to electricity generation, which 

does not include the environmental burdens associated with the use of nuclear
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power. This is a complex issue, and has been disregarded for the purposes of 

EPIGOLD.

INPUT I OUTPUT
Hydrocarbon fuel (kg) C°  ------- --------- •  Emission (kg)

<1cdi i i co2 -------
LU
Z1 1 1 NOX ----------
;o

A / so2 -------
Li-
LU< PM-10 -------- ■o c h 4 ■-------

Power ------- -------•  Processes (MJ)

Figure 5.4 Emissions for grid electricity.

These emissions represent the typical products of hydrocarbon combustion. 

Carbon dioxide is a the main product, and when combustion is incomplete 

carbon monoxide is also produced. Combustion also produces oxides of 

nitrogen. There are several that commonly exist (Housecraft & Constable, 

1997:657), and the oxide group is referred to here as A/OX. Sulphur dioxide is 

produced by the oxidation of sulphur impurities found in fossil fuels. The data 

used here from the DTI indicate that coal has a higher sulphur content that oil or 

natural gas. Particulates with a diameter of less than lxlCH^m produced during 

power generation are referred to here as PM-10.

Figure 5.5 shows the emissions assigned to diesel combustion.

INPUT 1 OUTPUT
Diesel fuel (kg) 0 °  -------- --------- •  Emission (kg)

<cd co2 -------
LU
z NOX ----------
LU so2 ----------

: LUtoo PM-10 ----------
(lUJ R-CHO-----------

Power ---------------------•  Processes (MJ)

Figure 5.5 Emissions for diesel combustion.

In contrast to other hydrocarbons, diesel combustion produces some volatile 

organic compounds (VOC); the USEPA data indicates that these are principally 

aldehydes and hence are referred to here by their functional group 'R-CHO'.
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The second state of burden calculation was conversion of data to kg emission 

per MJ power produced (kg.MJ-1). For electricity generation an average of 

emissions for different fossil fuel types was also calculated. These data are given 

in Appendix J and are used as the input for the third stage, which concerns the 

calculation of burdens with respect to unit process operation. These are 

described in the following sections.

5.2.4 Ore Beneficiation

The process of ore beneficiation is illustrated in Figure 5.6. The two inputs given 

are run-of-mine ore and power; beneficiation produces concentrate containing 

the majority of the gold and gangue containing the majority of economically 

valueless minerals.

INPUT
O
<

OUTPUT
Run-of-mine ore (kg) Gangue minerals ----- •  Tailings (kg)

Power (MJ) 0
[ LL. 

LU

1
C o n cen tra te--------------- •  Leach processes (kg)

Figure 5.6 Ore beneficiation.

The burdens associated with beneficiation are a function of: (a) the energy input 

during size reduction, and (b) the separation efficiency during comminution. As 

ore is reduced in size the energy input required to achieve this increases. 

Because these burdens are calculated with respect to the functional unit, the 

grade of concentrate produced is also important; as a greater proportion of 

gold is recovered the burdens per troy ounce of gold decrease. This can be 

expressed as:

BTOT=nf © n ; ^ -  (Equation 5.1)
m g

where: Btot is the environmental burden associated with beneficiation 

(consisting of n separate environmental burdens); 

en is the emission factor for the nth burden (kg emission.MJ-1);
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W is the energy input for a given grade of concentrate (MJ);

Mg is the mass of gold recovered per unit mass of ore entering the 

mill (troy ounces).

For example, 1MJ of power generated might produce 7x10-°^  of carbon 

dioxide. If one kg of ore requires an energy input of lxlO-^MJ to recover lxlO -04 

troy ounces of gold then the carbon dioxide burden per troy ounce is:

B C02 = 7 x 10 02 lx l° ”  = 0.7kg (Equation 5.2)
1x 10

where: Bco2 is the carbon dioxide environmental burden (kg).

This value represents the burden contributed by one unit process within the 

system. The burdens generated by other unit processes will add to the Btot value.

5.2.5 Ore Mineralogy

The relationship between ore mineralogy and gold recovery has already been 

established in Section 4.4.3. Some mineral groups generate additional 

environmental burdens that occur as the ore is exposed to the atmosphere by 

extraction processes or is treated to enhance gold recovery. This research 

considers the potential environmental burdens generated by minerals 

containing two elements - sulphur and arsenic - which are commonly associated 

with gold ores (Larderel et al, 1992:7).

5.2.5.1 Acid Rock Drainage

The first potential burden concerns the generation of acid rock drainage (ARD) 

by the oxidation of sulphide minerals. This mechanism is illustrated in the following 

equation with pyrite:

FeS^j + 7/2 + H A ) =* Fe2+caq> + 2SO4(0q) + 2H30 +(aq) (Equation 5.3)

Although oxidation may occur by several different routes (Larderel et al, 

1992:43), the end products are generally the same: sulphate anions, liberated 

metal ions and, importantly, hydroxonium cations. The latter is significant in that
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the lowered pH causes dissociation of other mineral species further elevating 

metal concentrations in the solution. ARD is therefore characterised not only by 

a low solution pH but also a high dissolved metal content.

Carbonate minerals are important when considering the potential of minerals to 

generate ARD, as they buffer acidic precipitation by neutralising hydroxonium 

ions to evolve carbon dioxide, a reaction shown in the following equation:

MeCO^j + 2 H3O V 0 => Me2V o  + H2O0) + C 0 2(g) (Equation 5.4)

where: Me represents various metal ions.

If the pH is raised sufficiently dissolved metals may re-precipitate as hydroxides, 

although the activity of carbonate minerals depends on the species present. For 

example Calcite (CaC03) effervesces when in contact with even cold weak 

acids, while other carbonates react less readily.

5.2.5.2 Arsenic

The second potential burden concerns arsenic, a metalloid commonly 

associated with gold as arsenopyrite (FeAsS), or more rarely as realgar (AS4S4) 

and orpiment (AS2S3). All compounds of arsenic are toxic, but particularly those 

that are mobile within the environment such as the gas arsenic trioxide that is 

generated by the thermal decomposition of arsenic-containing ores (Housecroft 

& Constable, 1997:674). While arsenic trioxide does have some commercial 

applications (such as a wood preservative) demand has typically out-stripped 

production, making arsenic oxides a significant burden associated with the 

roasting of ores.

5.2.6 Mineral Burdens

It was proposed that these burdens should be included in the environmental 

assessment completed by EPIGOLD to relate the burdens associated with ore 

mineralogy to the functional unit. Buckman (1997:1) provides a useful definition 

of the Acidification Potential (AP) of sulphide minerals which he refers to as the
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Net Carbonate Value (NCV). Buckman assumes a 1:1 stoichiometric ratio in the 

production of acid from sulphur-containing minerals. Hence one mole of sulphur 

produces one mole of sulphuric acid, which dissociates completely (as a 

univalent acid) to produce one mole of hydroxonium ions.

To calculate the NCV for a given ore, Buckman converted all reactions into 

equivalent units of carbon dioxide, the product of acid neutralisation by 

carbonate species. 1.37 moles of sulphur are neutralised when one mole of 

carbon dioxide is evolved and this molar ratio is used to calculate the NCV for 

known masses of sulphide and carbonate minerals. NCV calculation is illustrated 

in the following equation.

®ncv = (^co3 *  ̂ co3)—(1.37 x Fsuujhur x MSulphur) (Equation 5.5)

where: Bn c v  is the NCV burden;

Mco3 is the mass of carbonate mineral (kg);

Fco3 is carbonate content of the mineral (fraction);

M sulphur is the mass of sulphide mineral (kg);

Fsulphur is the sulphur content of the mineral (percent).

By calculating the NCV for all carbonate and sulphide minerals present in the 

ore it is possible to determine whether the mineralogy is, overall, acidic or basic. 

Buckman (1997:2) rates the NCV value on a scale from -5 to +5, with the most 

basic ores scoring the highest positive values.

It was proposed to use the system of NCV scoring to determine whether ores 

characterised for EPIGOLD had the potential to generate an acidification 

burden. Molar fractions of sulphur (multiplied by -1.37) and carbon dioxide were 

calculated for the relevant mineral groups, and these data are given in 

Appendix E.

The environmental burden represented by a sulphide ore and sulphur dioxide 

emissions is very similar. Both generate acid solutions within the receiving 

environment. It was therefore decided to express negative NCV values in units of
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sulphur dioxide equivalent. This would allow direct reduction of the Acidification 

Potential (AP) value by the use of sulphur dioxide as an oxidant during effluent 

treatment, an input into downstream effluent treatment processes explained in 

Section 5.2.9.

While treatment of refractory ores containing arsenic can generate very 

significant environmental burdens (see the next section), those associated with 

arsenic-containing minerals are assumed here to result from the transport of 

arsenic into solution. While these can be caused by acid drainage, the burden 

relates to the toxicity of arsenic itself; this is discussed in Section 5.3.2.

5.2.7 Ore Pre-Treatment

Chemical treatment of a gold-bearing ore improves the recovery of gold by 

altering the ore mineralogy. This process will produce its own environmental 

separate from those associated with the minerals alone. Two different pre

treatment processes are considered by EPIGOLD and these are discussed in the 

following sections.

5.2.7.1 Ore Roasting

The materials and energy exchanges associated with roasting are illustrated in 

Figure 5.7.

INPUT
Concentrate (kg) 

Power (MJ)

OUTPUT

AS2O3 ---------
S02 ---------
Treated concentrate

Emission (kg) 

Processes (MJ)

Figure 5.7 Ore roasting.

The roasting of the concentrate feed is assumed here to produce two emissions: 

sulphur dioxide and arsenic trioxide, converting the sulphides to oxides and 

exposing the gold in preparation for leaching. The quantity of emissions can be
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calculated stoichiometrically from the feed, given that the mass fractions of 

each mineral type are known, and these in turn can be related to the functional 

unit. For a given mass of roasted concentrate the sulphur dioxide emissions are:

H—H

Bs02 = j 2 ( k ulPHUR.MH) (Equation 5.6)
H=1

where: Bso2 is the sulphur dioxide burden for roasting (kg);

Fsulphur is the mass fraction of sulphur in mineral H;

Mh is the mass of mineral H.

A similar principle can be applied to calculating the arsenic trioxide burden of a 

roasted ore. For a given mass of concentrate the arsenic emissions are:

B a2 0 3  = S 1'32(FAK£Nic.M„) (Equation 5.7)
H=1

where: Bas203 is the arsenic trioxide burden for roasting (kg);

Farsenic is the mass fraction of arsenic in mineral H;

Mh is the mass of mineral H.

In both cases a stoichiometric ratio is used to convert the mass of arsenic or 

sulphur in the mineral to the mass of oxide produced. For example, arsenopyrite 

contains 46 percent arsenic by mass and the oxidation of 1kg of arsenic 

produces 1.32kg of arsenic trioxide. If 100kg is roasted and all of the arsenic is 

converted to the oxide the burden will be:

B«o3 = 1.32 x (0.46 x 100) = 60.72kg (Equation 5.8)

A similar principle can be applied for calculating the mass of ore remaining after 

roasting. One mole of arsenopyrite is 162.84g, and one mole of iron oxide (Fe203) 

159.7g. Hence the stoichiometric ratio is 0.98. Therefore if 100kg of arsenopyrite is 

roasted removing all of the sulphur and arsenic, approximately 98kg of ore will 

remain.

The final calculation relates the generated burdens to the functional unit. If 

100kg of arsenopyrite contains gold at a grade of lxlO-04 percent this equals
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3.lxl0*07 troy ounces. Hence the arsenic trioxide burden per troy ounce 

becomes 1.96xl0+08 kg per troy ounce. Although this burden exists as an 

example (sulphide ores are normally present at a very low mass fraction), the 

calculation illustrates how the functional unit can alter burdens associated with 

system activity.

5.2.7.2 BIOX Pre-Treatment

The BIOX process uses a different mechanism to treat sulphide ores. The principal 

materials and energy exchanges are illustrated in Figure 5.8.

INPUT 1 OUTPUT

Concentrate (kg) FeAs04 ---------- •  Tailings (kg)
z
J-r Fe(OH)3 -----------
2 CaS04 -----------
oa COz -----------•  Emission (kg)
LU

I

Treated concentrate —•  Processes (kg)

Figure 5.8 BIOX process.

The bacterial oxidation of target minerals produces a liquid effluent out of which 

metals species are precipitated by the addition of calcium carbonate (lime). 

Although carbon dioxide is evolved during the process (from the reaction of 

calcium carbonate with hydroxonium cations), the metal precipitates are stable 

and therefore are assumed here to present no additional environmental burden 

other than the generation of solids that require disposal. Ferric arsenate in 

particular has been the subject of test-leaching by the USEPA and was found to 

release very little arsenic (Broadhurst, 1993:4). Indeed it can be envisaged that 

sulphide minerals treated in this way are less likely to generate Acid Rock 

Drainage (ARD) and reduce the potential environmental burdens associated 

with sulphide minerals.
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5.2.8 Leaching and Recovery

Ideally, both leaching and recovery operate as a closed circuit with no fugitive 

losses of leachate. This is assumed in EPIGOLD, and in reality is more likely to be 

true for vat leaching that for a heap leach pad -  a process open to the 

atmosphere. In the latter case some fugitive losses would be expected to the 

immediate environment.

Lixiviants enter the system at this point; upstream environmental burdens 

associated with their manufacture are discounted. These are treated as the only 

inputs for heap leaching, while vat leaching requires an additional power input 

to mix the slurry. These processes are illustrated in Figure 5.9.

INPUT 1 OUTPUT
Beneficiated ore (kg) >1 Leached ore --------•  Tailings (kg)

Power (MJ) o 'LU Values --------•  Recovery processes (kg)
Lixiviant (moles)

C£
Barren lixiviant --------•  Treatment processes (m3)

Zinc powder (kg)i
Figure 5.9 Leaching and recovery.

Recovery is shown as an integral part of leaching; this is true for CIL circuits where 

leaching and recovery occur simultaneously, but for CIP gold recovery would 

actually occur in a separate circuit. Zinc powder is shown as an additional input 

for Merril-Crowe precipitation of gold where this process is included within the 

system. Soluble compounds formed from zinc precipitation would form part of 

the barren solution passing to downstream processes.

5.2.9 Effluent Treatment

Gold recovery leaves a barren effluent containing unreacted lixiviant, various 

reagents added during solution make-up and metal-lixiviant complexes formed 

during side reactions with active mineral components. The effluent may be in the 

form of a slurry (from a CIP or CIL circuit) or a clear solution from a heap leach 

circuit or tailings pond overflow.
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While natural degradation processes are commonly used to control free and 

WAD cyanide levels within the circuit, some form of active treatment may also 

be undertaken. This may be required by legislation to reduce the risk of wildlife 

deaths (ponds containing barren lixiviant represent an attractive watering hole, 

especially in arid environments) or as part of health and safety requirements to 

protect employees from the risks associated with recirculating solutions.

The environmental burdens represented by leach tailings concern the chemical 

characteristics of the solution; if this were to be released into the system 

environment what would be the environmental effects that result? An additional 

element concerns the time-dependence of these burdens. Natural mechanisms 

start to degrade solution components when barren lixiviant is held within 

impoundments. Active treatment accelerates this process, reducing the initial 

environmental burden of solution components.

The inputs for the three treatment processes considered here are illustrated in 

Figure 5.10.

INPUT I OUTPUT
Leach effluent (m3) Treated effluent----------- •  Tailings (m3)

Power (MJ) 4 Recovered lixiviant ------ •  Leaching (moles)
S02 (moles) LU

2
H20 2 (moles) 1— 

<
CaO  (moles)

U J

f
H2SO4 (moles)

CuS04.5H20  (moles) _

Figure 5.10 Effluent treatment.

The inputs common to all three are leach effluent (tailings) and power and the 

common output is treated tailings. Clear solution may be recycled directly for 

use elsewhere, while slurried effluent may required thickening to remove excess 

water (which is recycled) before passing to a tailings impoundment.

Reagent inputs are shown for each treatment process. The Degussa and INCO 

processes use hydrogen peroxide and a source of sulphur dioxide respectively to
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oxide free and WAD cyanides. Sulphur dioxide is assumed here to originate from 

the pre-treatment of sulphide ores (for example roaster off-gas). This 'sulphur 

credit' is deducted from the NCV value discussed in Section 5.3.1.3, which 

reduces the overall sulphur burden. The INCO process also uses lime to adjust the 

pH within the reactor and a source of soluble copper as a reaction catalyst 

(shown here as hydrated copper sulphate). The Cyanisorb process uses suiphuric 

acid and lime to recover cyanide from the effluent. The former is used as the 

solution enters the stripping tower to facilitate cyanide volatilisation, and 

cyanide is absorbed by slurried lime pumped through the recovery tower. This 

output is shown as recovered lixiviant within Figure 5.10.

EPIGOLD is interested in the changes in potential environmental burden that 

occur over a given period of operation. This requires knowledge of: (a) the 

volume of barren solution produced with time, (b) the concentration of 

chemical constituents in the solution, and (c) changes in chemical composition 

as solution is degraded by various natural mechanisms. In order to facilitate 

these calculations, the research assumes that solutions are held in an 

impoundment for the period of operation, rather than being recycled during 

operation. This reflects mine sites where a positive water balance exists rather 

than arid locations where water is likely to be recycled more quickly for solution 

makeup. Changes in solution chemistry are then calculated for within the 

impoundment, and used to assess the potential environmental effects of solution 

release. Calculation of the latter is described in the next section.

5.3 Section Two: Environmental Effects

This research defines an environmental effect as an observable change in the 

functioning of one or more components within the system environment. The term 

'component' is used here instead of 'ecosystem' because the biotic 

component of some effects -  particularly those observed within the atmosphere 

-  is ignored. Effects such as global warming may of course result in observable
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changes in ecosystem function, but the relationship is complex and their 

incorporation into EPIGOLD remains an area for future work.

The framework for environmental assessment developed for LCA methodology 

proposes that: (a) burdens are classified according to the type of materials or 

energy exchange that occurs, and (b) the exchange is characterised to 

describe the behaviour of the burden within the relevant media. This process is 

represented by level five in the conceptual model, and is illustrated in Figure 

5.11.

INVENTORY CLASSIFICATION CHARACTERISATION

Burden A Effect K Behaviour X

Behaviour YBurden B

Burden C

Burden D

Figure 5.11 Effect prediction.

The figure shows four burdens (A-D) that have been established by a materials 

inventory of process activity (discussed in Section 5.2). For this example two 

effects (K & L) are shown. The first stage is classifying which effect each burden 

may contribute to. Burden C in the example illustrates an important point, 

namely that a given burden may contribute to more than one effect. For 

example, research has established that NOi-x and methane emissions may 

contribute to both global warming and ozone depletion. Burdens may therefore 

'double score' during classification.

The combination of effect and burden may result in a change in behaviour of 

the receiving environment. This component is termed Characterisation, and is 

the most complex part of effect prediction. Some models predict NOE below a 

given threshold level while other models have no minimum value for an NOE. This 

principle is illustrated in the figure with observed Behaviours X & Y. Behaviour X is 

predicted by Effect K, and is observed because Burdens A, B and C are 

contributing to the effect. This is in contrast to Behaviour Y which could result
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from Effect L but because Burdens C & D fall below a given threshold value 

there is NOE.

Classification and Characterisation of EPIGOLD burdens are described in the 

following sections.

5.3.1 Gas and Gaseous Emissions

A number of unit processes within EPIGOLD generate materials emissions to the 

atmosphere. This is principally related to power consumption but also concerns 

the sulphur content of feed ores, which EPIGOLD measures in equivalent units of 

sulphur dioxide.

Gas and gaseous emissions may produce various environmental effects. The 

three selected here to describe emission burdens are: (a) Global Warming 

Potential (GWP), (b) Poor Air Quality Potential (PAQP), and (c) Acidification 

Potential (AP). Their association with the burdens described in Section 5.2 is 

summarised in the following table.

Table 5.1 Gas and gaseous effects.

Emission GWP AP PAQP

CH 4 Y Y

CO y

CO2 Y

NOi-x Y Y

PM-10 y

SO2 y Y

VOC Y

The following sections describe the mechanisms responsible for the generation of 

each effect.
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5.3.1.1 Global Warming Potential

Global Warming Potential refers to empirical evidence that demonstrates the 

ability of certain gases to reflect infra-red radiation re-emitted by the earth's 

surface. It is not a measure of environmental effects that may result from global 

warming. The relationship between climate change, global warming and 

industrial activity remains controversial, illustrated by a recent editorial in The 

Chemical Engineer. In it Swan (1999:2) argues that '...there is no proven 

connection between industrial activity and global climate change', an opinion 

contested by readers in the following edition.

The EA (1997b:58) defines GWP as:

n=n

Z q w p  =  X  e GWP x  M n (Equation 5.9)
n=l

where: Z gwp is the weighted sum of GWP values for a given process;

© gwp is the GWP weighting for emission n;

Mn is the mass of emission n.

This means that the GWP value for a given emission depends on: (a) the emission 

mass and (b) the assigned GWP weighting. The latter is expressed with respect to 

carbon dioxide, which is assigned a GWP value of 1. GWP emission factors used 

in EPIGOLD are listed Appendix E.

5.3.1.2 Poor Air Quality Potential

This category is used here to refer to a family of effects that may result in a 

reduction in low-level air quality. The term 'quality' is obviously subjective, but in 

this case refers to detrimental effects on human health.

The first effect included in PAQP is Photochemical Ozone Creation Potential 

(POOP). Ozone is a natural product of electrical discharge or intense ultra-violet 

radiation within the atmosphere. The reaction is described by Housecroft & 

Constable (1997:679) as:
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Discharge or hv  ̂ 2 Q (Equation 5.10)

Production of ozone within the stratosphere protects the earth's surface from 

intense ultra-violet radiation that may otherwise harm living organisms (for 

example, eye cataracts and skin cancer in humans have been linked to UV 

exposure). Ozone is also formed at lower altitudes by the action of UV light on 

nitrogen dioxide; this trend is reversed during the night as nitrogen dioxide 

reforms from the reaction between nitric oxide and ozone.

POCP refers to the tendency of certain anthropogenic emissions to accelerate 

the formation of ozone at ground level. It should not be confused with ozone 

depletion, which refers to the destruction of stratospheric ozone by other 

anthropogenic emissions -  principally chlorofluorocarbons. Ozone is toxic, 

causing vegetation damage and respiratory irritation in humans, so a high POCP 

value for a given emission indicates this component could be a pre-cursor for 

poor air quality.

The EA (1997:60) defines POCP as:

where: Z pocp is the weighted sum of POCP values for a given process;

© pocp is the POCP weighting for emission n;

Mn is the mass of emission n.

The second effect relates to the emission of particulates (PM-10), which have 

been implicated as a respiratory irritant and as a component of smog (the 

photochemical product of 'smoke' or low-level gaseous emissions). It was 

proposed to define the contribution of PM-10 to smog creation using the same 

technique as that used by the EA for POCP:

n=n
(Equation 5.11)

PM-10 (Equation 5.12)
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where: Z scp is the weighted Smog Creation Potential value for PM-10 

emissions;

©scp is SCP weighting applied to PM-10;

MPM-io is the mass of emission n.

Hence the PAQP value for a given set of emissions can be defined as:

PAQPtot = ^  ® pocp x
n=l

+ e „ x M pu, 0 (Equation 5.13)

where: PAQPtot is the weighted sum of PAQP values for a given process. 

The PAQP emission factors used in EPIGOLD are given Appendix E.

5.3.1.3 Acidification Potential

Acidic precipitation is associated with the dissolution of certain gases within rain 

droplets. The hydrolysis of carbon dioxide in solution forms carbonic acid and 

naturally acidic rainfall with a pH of approximately 5.6 (Housecraft & Constable, 

1997:64).

Other gases form their respective acids in solution, Increasing the acidity of 

rainfall via the same mechanism. Oxides of sulphur and nitrogen are recognised 

as important precursors of acid rainfall, and their hydrolysis is illustrated in the 

following equations:

2NO2(0)+H2O0) => HNÔ aqj+HN02(ap) (Equation 5.14)
SO3 + H2O0) ̂  H2S04(aq)

While they occur naturally (for example sulphur dioxide is produced by volcanic 

eruptions and NOx by electrical storms), fossil fuel combustion has caused 

significant increases in the concentration of these gases. Rainfall contaminated 

with these emissions may have a significantly lower pH, perhaps 1 or 2.

The environmental effects associated with acid rainfall are complex, given their 

dependence on: (a) the distribution of acid rain precursors downstream of the 

point of release, (b) rainfall patterns and (c) various biotic and abiotic factors 

characterising the immediate environment within which the acidic precipitation
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occurs. For example, a soil with a high carbonate content will buffer acid 

precipitation more successfully than soils that already contain sulphide minerals. 

This site specificity was recognised by Potting et al (1998:63), who modelled 

emissions distribution within the atmosphere in order to determine AP values for 

different European regions. Data generated by their model has been used in 

EPIGOLD, and this can be found in Appendix E.

5.3.2 Leach Effluents

Gold mill effluents contain various compounds generating during leaching and 

effluent treatment. These include unreacted lixiviant, metal-lixiviant complexes 

and the soluble products of other side reactions. Some of these components are 

potentially toxic if released into the receiving environment. Hence to complete 

the environmental assessment made by EPIGOLD it was necessary to predict the 

relationship between solution composition and subsequent toxicity.

The response of organisms to toxic compounds within the environment is very 

complex. Many species have a response threshold to a given toxicant below 

which chronic exposure may produce no adverse side effects. Abiotic factors 

such as temperature and solution pH may influence this threshold, as can the 

presence or absence of other soluble compounds.

Biological testing is commonly used to assess compound toxicity, as all of these 

factors are integrated within the organism's response to the compound. 

Rainbow trout are conventionally used in the mining industry as an indicator 

species in to measure effluent toxicity (Craig, 1989:288) in tests such as LC-50 96hr 

(the lethal concentration for 50 percent of the sample population after 96 hours 

of exposure) or EC-50 96hr (the concentration producing an effect in 50 percent 

of the sample population after 96 hours). Where it is not possible to conduct 

toxicity tests chemical analysis can be used as an alternative to establish the 

concentrations of compounds that have been previously identified as toxic. A 

prediction can then be made of solution toxicity.
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5.3.2.1 Toxicity Calculations

Where a solution contains a number of toxic components, the simplest way of 

calculating the effluent toxicity is to adopt an additive approach (Craig, 

1989:294). Where threshold values are known, these can be calculated for each 

component in solution to give the cumulative toxicity. This process is summarised 

in the following equation:

7 _nvn(n) (Equation 5.15)
^ h a z  -  Z j ~

n=l Wjy

where: Zehaz is the cumulative toxicity represented by the effluent;

© tv is the respective toxicity threshold value.

If the EHAZ value exceeds unity (1.0) the solution can be considered lethal for 

the relevant indicator species. While this provides a clear identification of the 

toxicity threshold, certain limitations can be envisaged. These include:

1. Overestimation of toxicity, a result of the way the EHAZ value is calculated. 

As the number of toxic components identified as present in the effluent 

increases, so does the cumulative toxicity. This can result In non-lethal 

solutions determined as lethal by the estimation, even though each 

component may be below its respective threshold for acute toxicity.

2. Discounted chronic effects, as the scoring is calculated with respect to the 

threshold value. Low concentrations of a given compound may produce 

sub-lethal effects detrimental to the indicator species in addition to the 

measured effect of organism death, and these are not included the 

cumulative toxicity score.

3. Discounted compound synergy, as the cumulative toxicity is calculated 

separately for each compound. These relationships may be abiotic (for 

example, ionic equilibria forming complexes that have a lower toxicity than 

the ionic constituents) or biotic (such as preferential metabolism of one 

compound over another). In these cases the cumulative toxicity is non

additive.
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5.3.2.2 EPIGOLD Toxicity

A cumulative toxicity score is used as the basis of the approach adopted by 

EPIGOLD. Threshold values for various components are given in Appendix E. 

These calculations are supplemented by five chemical mechanisms that Craig 

(1989:291) identifies as having an effect on component toxicity. It was noted in 

the research that a factor limiting the application of these mechanisms was the 

lack of data on component concentrations influencing toxicity. The quantitative 

chemical models developed for EPIGOLD are used to provide predictive data 

for the application of each mechanism described below.

1. Cyanide. The toxicity of free cyanide is due to the highly toxic hydrocyanic 

acid, rather than the cyanide anion CN-. Hence free cyanide toxicity 

increases at low pHs as the equilibrium shifts to the left. The method used by 

EPIGOLD to calculate weak acid equilibria is described in Section 4.3.3.3.

2. Cyanate. Craig (1989:291) notes that previous studies into cyanate toxicity 

indicate that it is inversely proportional to both temperature and pH. The 

relationship proposed by Craig was based on the experimental observation 

of cyanate toxicity on species of freshwater fish. It has been modified here by 

excluding the component representing solution temperature, given that this 

is currently not modelled by EPIGOLD. However the equation still includes pH, 

given that this is envisaged to vary during natural attenuation.

ZCNO = 15(pH- 5)+16 (Equation 5.16)

where: Zc n o  is the toxicity of cyanate.

Rather than give the LC-50 value for standard temperatures (298K) the value 

283K has been chosen to reflect typically colder effluent temperatures. This 

has a conservative effect on cyanate toxicity estimations.

3. Copper. The toxicity of free copper has been extensively studied, and varies 

as a function of both pH and water hardness (Craig, 1989:292). The latter is 

defined here in terms of the concentration of carbonate ions (C O 3 2-) in
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solution. The following equation is used to describe the toxicity of copper in 

solution:

10A(1.582 + 0.0592A+0.4912B (Equation 5.17)
+0.4035AB+0.4813A2+0.1403B2)

where: Zcu is the toxicity of copper.

The term A is defined as:

A = • (Equation 5.18)
2.0

The term B is defined as:

B = log10(CQ,2-)-2.01671 (Equation 5.19)
0.62308

4. Zinc. Like copper, it has been demonstrated (Craig, 1989:293) that the 

toxicity of zinc is a function of both water hardness and pH. While increases in 

the former causes a decrease in zinc toxicity, increases in pH have been 

shown to increase toxicity. This mechanism is complicated by the fact that at 

high pH values the toxicity will be reduced by the formation of zinc 

hydroxides. The following equation is used to describe the toxicity of zinc in 

solution:

Zzn =(Zn2+)x^^ix(93.3e-085pH) (Equation 5.20)
25

where: Zzn is the toxicity of zinc.

5. Ammonia. The final component identified by Craig (1989:293) is ammonia 

whose toxicity, like cyanide, is governed by a weakly dissociable equilibria. 

The molecular form of ammonia (N H 3 ) is more toxic than the conjugate ion 

N H 4+, and therefore is used to estimate ammonia toxicity. This increases as 

the pH rises and the equilibrium shifts to the left. At high pH values most of the 

ammonia will be present in the molecular form, and toxicity will be greatest.

The use of these relationships to calculate the toxicity threshold of leach effluent

is described in Section 6.6.
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5.4 BEO Assessment

EPIGOLD bases the environmental performance assessment on the 

environmental effects that occur during a given period of operation. Normally a 

mine site would be expected to operate more or less continuously, so the 

assessment window represents a 'snapshot' sometime during the operational 

phase. This period of assessment is determined by the requirements of individual 

unit processes, For example, gold recovery from a heap leach pad may occur 

over weeks or months and hence the assessment would be carried out until gold 

recovery stops.

It was proposed to split the environmental assessment according to the different 

criteria required by each component. Some of the burdens are calculated with 

respect to the mass of ore passing through the system. These include AP and 

NCV. Changes in solution toxicity are calculated for a given period of operation, 

and therefore require a time period to be given for the assessment. However all 

the components are assessed with respect to gold recovery, as this is the 

Function Unit selected for the project. The division of assessment components is 

illustrated in Figure 5.12.

Block l

AP
NCV
GWP

PAQP

Block 2 Q Cumulative Toxicity

VALUES
RECOVERY

Figure 5.12 BEO assessment components.

In Figure 5.12 the first component group is labelled as 'Block 1\ Given that the 

system used by EPIGOLD includes processes that operate both batch-wise and 

continuously, calculating the mass of ore processed during a given time period is 

difficult. For example heap leach pads are charged before gold recovery, whilst 

vat leaching uses a continuous feed of slurry containing ore and lixiviant. It is
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more convenient to calculate gold recovery from a pre-determined mass of ore 

that passes via different process routes.

The Cumulative Toxicity is labelled as 'Block 2'. While the environmental effects 

associated with gold recovery are assumed by the project to be essentially 

dimensionless, those associated with leach tails are determined by changes in 

solution chemistry that occur with time. This makes the period of assessment an 

important factor, given that stable complexes may only dissociate slowly and 

hence take time to influence solution toxicity.

5.4.1 Effect In tegration

The final component to the assessment is effect integration. During the period of 

operation different patterns of change can be envisaged for the assessment 

components. If the degree of comminution and selected grade of concentrate 

for a given ore remain constant, little change would be expected amongst 

those burdens associated with ore beneficiation. However, solution chemistry 

would be expected to change depending on the fraction of gold and active 

mineral components remaining in the ore. This would influence the chemistry 

and hence toxicity of leach effluent.

For this element two aspects of the change in effect are important: the peak 

and cumulative scores, illustrated in Figure 5.13.

Figure 5.13 Effect integration.

Plot 1 has a lower mean score but a higher peak value (indicated by point A) 

than Plot 2, which has a higher but more constant mean score. The implications 

of these differences depend on the environmental effect they relate to and the

Effect threshold

Plot 1 V

Plot 2 v \

D Y
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interpretation of the effects during decision-making. For burdens that are 

modelled using Equivalency Values (such as gaseous emissions) the cumulative 

scores are more important, represented as area C-D-X-Y in the figure. This type of 

effect has no minimum value below which there is an NOE, and hence the 

burden accumulates throughout the period of operation. For those burdens with 

an effect threshold (such as solution toxicity) the peak value is much more 

important. A single score exceeding the toxicity threshold (shown as a dotted 

line) would be sufficient to cause ecosystem damage.

It was therefore proposed to adopt two different forms of integration for effect 

scoring within EPIGOLD. Those effects with an NOE would only be scored above 

the effect threshold, whereas other effects would have scores integrated across 

the entire period of operation. Peak values for the former would also be 

recorded for inclusion within the assessment.

5.5 Chapter Summary

This chapter has described how the last three levels of the conceptual model 

EPIGOLD are represented within this research. Process models developed in the 

previous chapter have been used to calculate the materials and energy 

exchange with the system environment, referred to in Section 5.2 as 

environmental burdens. These include gaseous emissions from secondary systems 

used to generate power, and the toxicity of leach effluents produced during 

gold recovery.

Environmental burdens may result in an environmental effect, although the 

mechanisms which determine this 'cause and effect' relationship are complex. 

The models described in Section 5.3 include equivalency values used to 

characterise gaseous emissions, and cumulative toxicity thresholds used to 

represent the potential environmental hazard of leach effluents released into the 

system environment. EPIGOLD uses the presence or absence of toxicity
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thresholds to determine the method used to integrate effect scores over the 

period of operation.

The next chapter describes the implementation of EPIGOLD as a tool using the 

database Microsoft Access. The hierarchical approach to model construction is 

retained with the re-use of software components during the successive 

construction of each level. Model validation is described in the chapter following 

model implementation.



CHAPTER 6. MODEL IMPLEMENTATION

6.1 Chapter Introduction

This chapter describes the implementation of the conceptual model EPIGOLD. 

Two Microsoft applications were considered to implement EPIGOLD: Visual Basic 

5.0 and Access 97. The former offers a more flexible environment within which to 

develop software, but has a limited database interface (a problem addressed in 

Visual Basic 6.0). Given the extensive requirements for data manipulation 

envisaged within EPIGOLD, Access 97 was chosen to implement EPIGOLD and 

Visual Basic for Applications (VBA) used to code the algorithms.

The chapter is divided into five sections. The first starts with a brief review of 

database concepts to provide insight into how data are managed within 

Access. Section 6.3 continues with a description of the hierarchical organisation 

of data within EPIGOLD. This approach is similar to that described in Chapter 3, 

which was used as the framework for model construction.

Section 6.4 describes the graphical interface developed for the model and the 

checks that have been incorporated to ensure that referential integrity is 

maintained. This allows the user to manipulate data contained within EPIGOLD 

and ensures that the model algorithms do not use erroneous or incorrect data 

when conducting the assessment.

Section 6.5 details the model algorithms used to generate output data. Each 

process described in Chapter 4 is represented by one or more algorithms, which 

generate data that are collated in a second set of data tables. This provides the 

basis for the BEO assessment (described in Section 6.6) use to assess the 

environmental performance of each process and lixiviant combination.
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6.2 D atab ase Fundam entals

Cornell (1997:689) describes a database as '...a large amount of data that exists 

in no fixed form.' Microsoft Access uses software referred to as a database 

engine (in this case Microsoft Jet, version 3.5) to manage these data; the 

graphical interface seen by the user is Access itself. The relationship established 

within the Windows™ environment between the database engine and Access is 

unimportant within the context of this project; it is sufficient to say that databases 

provide the user with sophisticated ways of manipulating data contained within 

them.

6.2.1 Data Tables

Access manages data using data tables, which contain a number of fields. Each 

field is assigned a unique name in the table and is used to store a pre-defined 

type of data. This concept is illustrated in Figure 6.1.

3
Field Name Data Type Description nn

Compound name Text i
Compound RMM Number

IBDensity Number—

___—
d

Figure 6.1 Database table.

In the example three data fields are shown and one - density - is highlighted by a 

blue box. This field is set up to accept numeric data, indicated by the second 

column.

When the table is used for data entry values are entered into each field, 

illustrated in Figure 6.2.
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h r om COMPOUNDS
Com pound nam e Compound
Millerite
Pyrite
Smithsonite

Rocord: ■< | < | f 2 » | n |> « |  of 3

Figure 6.2 Data entry.

A recordset consists of one row of data (or one value from each field), and in 

the example above the pyrite recordset is outlined by a blue box. The density 

field from Figure 6.2 can now be seen on the right hand side, and data for this 

field within the pyrite recordset is shown as a shaded blue box. The record 

number (two of three) can be seen at the bottom of the figure.

Once a series of fields have been defined this can be used for the entry of any 

number of records into the table. The upper limit of this record number is 

determined by limitations of the software itself and the resources (such as 

memory) that the system environment can allocate to the application.

6.2.2 Data Forms

Whilst data tables are used to define and organise data stored within the 

database, forms are used by Access to provide a more sophisticated interface 

for data management. Forms contain no data from the database themselves 

(other than that entered as code), but instead refer to the underlying data 

tables. A single form may refer to more than one data table, by defining a 

relationship that describes how the form manipulates these data. This concept is 

illustrated in Figure 6.3.

P1REJmCOMPOUNDS

►
COMPOUND PROPERTIES C o m p o u n d  n a m e  

s e le c te d  h e re
Compound name |Millerite •  3

RMM [9076
R M M  v a lu e  
a p p e a rs  h e re

Roeord: '< I 1 I [ 1 of 3

Figure 6.3 Example form.
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The form links to two of the three fields in the underlying table. When the 

compound name is selected from the drop-down list, the RMM value changes to 

match the record for that compound.

The ability to define one-to-many (one data table displayed in many forms) or 

many-to-one relationships (many data tables displayed in one form) is one of the 

fundamental concepts underpinning database construction. EPIGOLD uses a 

series of hierarchical relationships linking each data set, and these are described 

in the following section.

6.3 EPIGOLD Data Sets

In order to model system behaviour, data are required to define each 

component within the model. If the system is considered as a hierarchy with 

models of solution chemistry forming the lower levels and unit processes forming 

higher levels, it can be envisaged that data requirements will increase with the 

addition of each successive level of detail. It can also be envisaged that some 

data sets will become aggregated at higher levels; for example grindability data 

are a required input for comminution, but not for the environmental assessment 

once the energy input into comminution has been calculated.

The relationship between each data hierarchy within EPIGOLD is illustrated in 

Figure 6.4. It is Important to note that this concept is different from the way data 

are used to calculate model outputs. For example, it can be seen that ore 

mineralogy is not required as an input into the comminution data set. This is 

because the environmental burdens associated with comminution are only 

calculated when the output data are generated; at this point ore mineralogy 

would be referred to by the system to determine the input energy required 

during comminution.



Figure 
6.4 

EPIGOLD 
database 

relationships.

ENERGY SOURCES
•Source name 
•Emissions data

UXIVIANTS
•lixivlont name 
•Component concentration

ORE PRETREATMENT
•Treatment type

REACTIONS
•Reaction ID 
• Reaction reference 
•Reaction expression 
•KR

TREATMENT REACTIONS
•Reaction D  
•Reaction reference

•Efficiency

SIMULATION
•Ore name 
•Pre-treatment option

•leoch treatment option 
•Effluent treatment option 
•Natural treatment option

COMMINUTIONEFFLUENT TREATMENT
•Treatment type 
•Power Input 
•Power source 
•Pond depth 
•Pond dtameter 
•Retention time 
•pH adjustment

VALUES DISSOLUTION
•Critical ion name 
•Critical ion motor value 
•Critical ion dtffustvity 
•Complex name 
•KR
•Modifier name 
•Modifier concentration

ORE TYPES
•Ore name 
•Values grain size 
•Work index 
•Fracture mode 
•Mineral name 
•Mineral proportion 
•Mineral values grade

EQUIUBRIA

•Equilbrium reference
•KSP
•KD
•KA
•KB
•KP

VAT LEACHING
•Process name 
•Reactor volume 
• Influent flow rate 
•Solids fraction 
•Separation efficiency 
•Concentrate grade 
•Ore grind size 
•Lixtviont name 
•Power input 
•Power source

HEAP LEACHING
•Heap name 
•Pod surface area 
•Paddeptti 
•Heap elements 
•Ore grind size 
•Void fraction 
•lixtviont choice 
•Lixtviont flow rate 
•Leoch time 
•Recovery cutoff

COMPONENT PROPERTIES

•RMM
•Density
•Porosity
•NCV
•TV
•PAQP
•AP
•GWP

LEVEL I
C o m p o n e n t  p ro p e rtie s

LEVEL II
System  c h em is try

LEVEL III
S ystem  inputs

LEVEL IV
Unit p rocesses

LEVEL V
S im u la tio n  p a ra m e te rs

M
O

DEL 
IM

PLEM
EN

TATIO
N



152 MODEL IMPLEMENTATION

The first data set identified for inclusion in the tool concerns the component 

properties, illustrated in Figure 6.4 at level one. The requirement for these data is 

common to all the other components that follow in successive levels, whether for 

use as the basis of compound lists or when determining the environmental 

burdens of gaseous emissions.

The chemical properties of specific components are described at level two. 

These are used to determine the behaviour of components in solution or when in 

contact with lixiviants, and include data on reactions, equilibria and gold 

dissolution. This project refers to these and other data sets within successive levels 

as derived data, given that they all require information contained at previous 

levels within the model.

Level three in Figure 6.4 describes the materials and energy inputs required by 

unit processes. Ore mineralogy and energy sources refer directly to level one to 

determine component properties, whilst the lixiviants data set requires specific 

information on the chemical mechanisms responsible for gold dissolution - as well 

as the general compound properties described at level one.

The physical properties of unit processes are described at level four. These refer 

to inputs defined at the previous level to construct possible process and lixiviant 

alternatives that can be used during simulation. For example, a vat leach 

process would need to refer to data on lixiviants defined at level three in order to 

determine which solution input to use during leaching.

The final level concerns the simulation parameters themselves, which describe 

how a given process and lixiviant combination is used to recover gold from one 

of the ores defined for inclusion within the system. The simulation parameters are 

the last data required by EPIGOLD before the system can be modelled.

Each data set is described in the following sections.
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6.3.1 Level One: Component Properties

Chemical components are referred to by other unit processes throughout the 

conceptual system, and a data table was required defining the specific 

properties of each component. The fields used are given in Table 6.1.

Table 6.1 Component properties.

Component Units

Common name -

Formula -

Class -

RMM grammes

Density kg.nrv3

Porosity fraction

Net Carbonate Value fraction

Toxicity Threshold Value mol.dm-3

Poor Air Quality Potential dimensionless

Acidification Potential dimensionless

Global Warming Potential dimensionless

The common name and formula allow the component to be identified by other 

components within the tool - and of course by the user when selecting 

components from a compiled list. Minerals in particular may have different 

common names cited in the literature making the formulae important.

The component class is used to identify the phase at STP as well as the context 

within which the component is used by the model. For example, iron hydroxide is 

classed as a solid, as are minerals such as millerite. However the latter are 

identified using the class name mineral to ensure that only these are listed in the 

data set on ore mineralogy.

The following component classes are used in EPIGOLD:

a) anion, a soluble negatively charged ion;

b) cation, a soluble positively charged ion;
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c) compound, a component that is a solid at STP;

d) gas, a component that is a gas at STP;

e) mineral, a compound that is classed as a mineral.

The data type density is only used for minerals, and relates to formulae proposed 

in Section 4.4 for the calculation of gold grades. The Net Carbonate Value is 

another data type used only by minerals in connection with the burden 

Acidification Potential, which was discussed in Section 5.3.1.3.

The remaining data fields relate to environmental effects used by EPIGOLD for its 

environmental assessment. The Toxicity Threshold Value is used in cumulative 

toxicity calculations for soluble components present in effluent streams. Where a 

value is omitted for a soluble component it is assumed here to have a very low 

toxicity. Values for components whose toxicity is calculated using one of the six 

toxicity mechanisms (described in Section 5.3.2.1) are also omitted; these data 

depend on the specific solution conditions rather than an absolute value.

Equivalency values for the three remaining effects (Poor Air Quality Potential, 

Acidification Potential and Global Warming Potential) apply only to certain 

gaseous emissions that result from the combustion of fossil fuels.

6.3.2 Level Two: System Chemistry

In Section 4.3 a general set of rules was proposed for describing the behaviour of 

chemical components within the conceptual model. These are represented by 

level two data tables, forming a link between component properties described 

at level one and the process inputs defined at the next level. Only the table 

describing gold dissolution is required as an input into level three; data sets 

defining chemical equilibria and reactions are referred to later during model 

simulation.

The data tables constructed at level two are described in the following sections.
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6.3.2.1 System Reactions

Lixiviants, minerals and other components in solution may react irreversibly during 

the unit process operation to form various products. Some of these reduce the 

efficiency of gold recovery (for example if a side reaction increases lixiviant 

consumption) while others are promoted deliberately, such as WAD cyanide 

oxidation during effluent treatment. In order to determine changes in solution 

chemistry a list of irreversible reactions was needed by the model, and the fields 

used in the reactions dataset are given below:

Table 6.2 System reactions.

Component Units

Reaction ID number -

Reaction reference -

KR arbitrary units

Component name -

Component molar value moles

The reaction ID number provides unique identification for the reaction when it is 

referred to by other components within the database. A separate field is 

provided for the user to enter their own reaction reference or description.

The component name and molar value refer to a balanced expression giving 

reactants and products in the reaction. The rate of reaction is controlled by a 

reaction constant (KR), the units of which depend on the number of reactants. 

Hence in Table 6.2 KR is given in arbitrary units.

6.3.2.2 Mineral Treatment Reactions

A separate reaction table is used to describe: (a) the pre-treatment of mineral 

concentrate prior to leaching, and (b) the treatment of effluent generated by 

the leaching process, given the special conditions (for example, high 

temperature and biologically-mediated reactions) under which these reactions 

take place that are not reflected in dilute aqueous solutions. The project
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currently uses a stoichiometric model to represent treatment and the reactions 

are entered in a data table illustrated in Table 6.3.

Table 6.3 Pre-treatment reactions.

Component Units

Reaction ID number -

Reaction reference -

Component name -

Component molar value moles

The reaction ID number provides unique identification for the reaction when it is 

referred to by other components within the database. A separate field is 

provided for the user to enter their own reaction reference or description. The 

component name and molar value refer to a balanced expression giving 

reactants and products in the reaction.

6.3.2.3 System Equilibria

A number of components form equilibria in solution, and these are represented 

by a separate table within the database. This data set is complicated by the 

need to use five different constants to define three different types of equilibria: 

(a) sparing solubility of solid compounds; (b) dissociation of aqueous 

compounds, and (c) weak acid or basic equilibria. The fields used in the dataset 

are given below.
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Table 6.4 System equilibria.

Component Units

Equilibrium ID number -

Equilibrium reference -

Reactant name -

Ks Arbitrary units

Kp mol.drrv3

Kc Arbitrary units

Ka Arbitrary units

Kb Arbitrary units

Kr Arbitrary units

Product name -

Product molar value -

Like Table 6.2 describing system reactions, equilibrium ID and reference numbers 

are used to uniquely identify the equilibria within the database and for the user 

respectively. The reactant name refers to level one to provide a list of potential 

components from which the equilibrium is formed. Five constants specify the 

type of equilibrium: (a) Ks for sparingly soluble compounds, (b) Kp for the 

dissolution of gases, (c) Kc for the dissociation of aqueous compounds, (d) Ka for 

weak acid equilibria, and (e) Kb for weak base equilibria. The final constant -  Kr -  

is used to specify whether the equilibria is assumed to occur instantaneously in 

solution, or whether component concentrations change at a given rate.

Finally, the product name and product molar value refer to the balanced 

products of the equilibrium.

6.3.2.4 Gold Dissolution

The formation of aurolixiviant complexes requires special consideration within the 

model. The reactions discussed in Section 4.8.3 show that: (a) lixiviants use 

different chemical mechanisms to dissolve the gold from the ore, and (b) the 

rate of reaction may depend on the concentration of a number of different
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compounds in the solution. A separate data table was therefore constructed to 

represent aurolixiviant formation, and the fields are given below:

Table 6.5 Gold dissolution.

Component Units

Critical ion name -

Critical ion molar value moles

Critical ion diffusivity m.s-1

Complex name -

KR mol.m^.dm^.s-1

Modifier name -

Modifier concentration mol.dm-3

The critical ion name and molar value describe the anion responsible for 

complex formation (extracted from the component list in level one) and the 

number of moles required. The critical ion diffusivity is a constant used by 

EPIGOLD to control the rate of diffusion of lixiviant ions into the ore particle. 

Under some conditions and as noted in Section 4.8, this constant may limit the 

overall rate of leaching.

The complex name refers to the complex formed during the dissolution process. 

Like the solution equilibria and reaction data tables, a KR value is used to 

determine the rate of dissolution. Given that this value depends on both the gold 

surface area and the concentration of the critical ion, the units of KR can be 

given as mol.m*2.dnrv3.S'1.

The rate of gold dissolution may be dependent on the concentration of other 

components in solution. For example, (and as discussed in Section 4.8.3) 

formation of aurocyanide is dependent on both dissolved oxygen and free 

cyanide concentrations. The modifier name and concentration refers to the 

name of additional compounds influencing the rate of reaction (extracted from
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level one) and their respective concentrations at which the rate of gold 

dissolution is optimal.

6.3.3 Level Three: System Inputs

Unit processes require materials and energy inputs; these are defined at level 

three in the database. The chemical composition of the lixiviant solution 

depends on reactions defined at level two, while ore mineralogy and power 

generation refer back to level one.

The data tables constructed at level three are described in the following 

sections.

6.3.3.1 Ore Types

Within the project ores are assumed to exist as an assemblage of different 

minerals, each with their own physical properties and gold grade. Some of the 

physical characteristics of the ore are determined by the minerals themselves, 

whilst others are a consequence of the type and abundance of each mineral 

fraction. Data was needed to define the ore types, and the fields used are given 

in Table 6.6.

Table 6.6 Ore types.

Component Units

Ore name -

Grain size -

Work index kwh.short tonne-1

Fracture mode fraction

Mineral name -

Mineral proportion integer

Mineral gold grade mass fraction

The ore name is used to uniquely identify each ore within the model. The next 

two properties are defined for the ore rather than each mineral. By specifying
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the mean gold grain size for all the ores the number of data fields needed is 

reduced. Literature reviewed for this project (for example, Powell, 1999:18 and 

Wills, 1997:418) indicates that work indices are cited for the ore type rather than 

the mineral, and so this value is defined here rather than at level one. The 

fracture mode -  like the work index -  is dependent on the physical association 

between different mineral types and therefore is included as part of ore 

characterisation.

The remaining three properties relate to individual minerals, and the first gives the 

mineral name selected from the component list at level one. It was decided to 

express the mass fractions initially as a mineral mass proportion so that values 

would not have to add up to 100 (or 1). The data on mineral densities given at 

level one could then be used at a later stage to calculate the mineral mass 

fractions. The last field -  mineral gold grade -  refers to the mass fraction of gold 

contained within each component. Previous studies (for example see Wen et al, 

1996 and Barr & Acton, 1998) indicate that while 'free gold' may be 

disseminated throughout the ore, gold tends to be associated with specific 

mineral types within the ore, for example in pockets or veins. It can be envisaged 

that this fluctuation in gold grade between mineral fractions will in turn affect 

gold exposure during comminution.

6.3.3.2 Energy Sources

Many of the unit processes within the model require some form of energy input, 

so data was needed to represent emissions produced per unit of power 

generated. The fields in this data set are given in Table 6.7.

Table 6.7 Energy sources.

Component Units

Energy source name -

Emission data kg.MJ-1
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The energy source name is unique within the database so that it can be referred 

to in successive unit processes. The emission data  field represents the various 

gaseous products of fossil fuel combustion, whose properties and associated 

environmental burdens are defined at level one.

6.3.3.3 Lixiviant Makeup

Leaching processes require a lixiviant input to recover the gold, and therefore a 

separate table was required to specify which compounds from level one are 

required during solution makeup. The fields used in this data set are given in 

Table 6.8.

Table 6.8 Lixiviant makeup.

Component Units

Lixiviant name -

Solution pH -

Component name -

Component concentration mol.drrv3

The lixiviant name uniquely identifies the reagent when this is referred to by other 

unit processes. It was decided to add a field specifying solution pH even though 

acids or bases added to the lixiviant may alter this value; allowing the user to 

input a pH value simplifies calculations required when determining the quantity 

of reagent needed to reach a certain pH value.

The last two fields refer to solution components. These provide the source of 

critical ions defined at the previous levels that are responsible for the dissolution 

of gold. The first -  component name -  refers back to the list of components 

defined in level one. The component concentration specifies the quantity of this 

component to be added during solution makeup.
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6.3.4 Level Four: Unit Processes

The process inputs described at the previous level are used as materials and 

energy inputs for the unit processes. These control how: (a) ore is physically 

processed to liberate the gold, and (b) chemical mechanisms are employed to 

separate gold from the gangue minerals. Each process type is represented by a 

separate data table, and these are described in the following sections.

6.3.4.1 Comminution

Leaching may require the comminution of ore to liberate gold so that this can 

be contacted with lixiviants. As can be seen in Figure 6.4 the comminution data 

table is not used directly when entering simulation parameters at level five; these 

data refer to vat leaching parameters given in Table 6.12 to determine the ore 

grind size.

Comminution processes refer to energy sources defined at level three to 

determine the energy input required by size reduction; Table 6.9 shows the data 

fields used to define this process.

Table 6.9 Comminution.

Component Units

Process name -

Feed size m

Product size m

Product bulk density dimensionless

Bond efficiency percent

Mechanical efficiency percent

Power source -

The process name uniquely identifies the comminution process within the 

database, and the feed  and product sizes identify the comminution stage 

relative to the other processes. It was proposed to define three processes to 

allow the progressive size reduction of ore from run-of-mine to a finely ground
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concentrate, although this does represent a simplification of actual 

comminution circuits and greater size reduction ratios than those identified in 

Section 4.7. The product bulk density refers to the comminuted ore produced by 

each process; an inverse relationship can be expected between bulk density 

and product size. The Bond efficiency determines the efficiency with which the 

process comminutes the ore relative to the ore Bond Work Index. It is envisaged 

that process efficiency has increased since original grindability studies by Bond 

(1952), and this allows the process to be adjusted accordingly. The mechanical 

efficiency refers to the efficiency with which the power input is converted to 

mechanical work. It is important to note that this is separate from the Bond work 

index, which determines the efficiency of size reduction. The final field refers to 

power sources defined at level three, allowing the user to select one from those 

provided in the energy data table.

6.3.4.2 Ore Pre-Treatment

Comminuted ore may require some form of pre-treatment to liberate gold from 

refractory components, and this is defined using a separate data table. Table 

6.10 lists the relevant fields.

Table 6.10 Ore pre-treatment.

Component Units

Treatment name -

Treatment type -

Power input MJ.kg ore*1

Power source -

The treatment name uniquely identifies the treatment process to the user and 

other components within the database. The treatment type determines the 

chemical mechanism used to liberate the gold, in this case bacterial oxidation 

(BIOX) or thermal decomposition (ore roasting). The power input refers to the
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input required by the process to treat the ore and the power source to the 

power input defined at level three.

6.3.4.3 Heap Leaching

The heap leach process controls the way lixiviants are used to recover values 

from the ore by defining parameters such as the ore residence time, heap size 

and the recovery cut-off grade. Given the differences between heap and vat 

leaching, it was proposed to define the processes using separate data tables. 

Table 6.11 gives the fields used to define heap leaching.

Table 6.11 Heap leaching.

Component Units

Process name -

Pad depth m

Pad surface area m2

Element number dimensionless

Ore grind size m

Void fraction dimensionless

Lixiviant choice -

Flow rate dnr .̂s-1

Leach time days

Recovery cut-off percent

The process name uniquely identifies the heap leach to both the user and other 

components in the database. Like other data tables, this value is referred to at 

level five when defining a process and lixiviant combination used to recover 

gold from a given ore. The pad depth and pad surface area refer to the 

physical parameters of the heap, determining the mass of ore through which 

lixiviant will percolate and the effective flow rate per unit surface area. EPIGOLD 

divides the ore heap into a number of elements as an alternative to using a PDE 

to determine the leaching rate (a technique discussed in Section 4.8); the 

element number is also specified in the data table.
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The ore grind size refers to the mean diameter of ore particles in the heap; their 

bulk density (set in the comminution data table) determines the volume through 

which lixiviant percolates during leaching. The fraction of interstitial space filled 

by lixiviant is referred to here as the void fraction.

The lixiviant choice refers to lixiviants defined at level three that are used to 

leach this ore. These pass through the heap at a given flow rate, which 

determines the rate at which lixiviant is added to the top of the heap; reference 

to the heap surface area gives the flow rate per unit surface area across the 

heap. The leach time and recovery cut-off control the maximum duration of 

leaching by setting either a time or a recovered mass fraction of gold after 

which leaching stops. The latter is possible within EPIGOLD given that the ore 

mineralogy and gold content of each mineral fraction is defined at a previous 

level.

6.3.4.4 Vat Leaching

Ore concentrate may be leached in a series of continuously stirred tank reactors 

(CSTR). The agitation of the ore slurry and high surface area of the small particles 

facilitates rapid leaching, although this requires a power input to agitate the 

slurry. Table 6.12 gives the data fields used to define this process.
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Table 6.12 Vat leaching.

Component Units

Process name -

Solids fraction percent

Ore grind size m

Separation efficiency percent

Concentration grade percent

Retention time hours

Reactor volume litres

Lixiviant name -

Power input MJ. kg ore-1

Power source -

The process name uniquely identifies the vat leach process to the user and also 

to other processes within the database. The solids fraction, separation efficiency 

and concentrate grade refer to the physical properties of the slurry entering the 

vat leach reactor. Where ground ore has been concentrated prior to leaching, 

the separation efficiency refers to the fraction of gold that has been retained in 

the concentrate. The concentrate grade refers to the mass fraction of gold in 

the concentrate, and the solids fraction to the mass of this concentrate entering 

the reactor per unit volume of lixiviant. The ore grind size refers to the mean 

particle diameter of ore within the slurry, which enters a reactor whose volume 

and retention time are represented by fields within the database. The slurry is 

mixed with lixiviants defined at the previous level and indicated by the lixiviant 

name. Agitation of the ore slurry requires a power input and a power source. The 

latter refers to energy sources defined at level three.

6.3.4.5 Effluent Treatment

Two distinct type of effluent treatment are represented within EPIGOLD: (a) the 

attenuation of solution components by natural degradation mechanisms 

(encouraged by large impoundment surface areas and long retention times),
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and (b) active treatment requiring power input and using reagents to promote 

attenuation of solution toxicity. Two data tables were therefore used within the 

tool to represent these processes (represented by a single box in Figure 6.4), and 

the data fields used in the first are given in Table 6.13.

Table 6.13 Active effluent treatment.

Component Units

Process name -

Treatment type -

Power input MJ.kg ore-1

Power source -

The data fields are very similar to those used to describe ore pre-treatment 

processes in Section 6.3.4.2. This is because similar stoichiometric models have 

been adopted for the active treatment of leach effluent. Although the same 

names have been used for these fields, the treatment type in this case refers to 

the stoichiometric model used to calculate changes in solution composition. 

Three choices are available: (a) INCO SO2/AIR, (b) DEGUSSA and (c) 

CYANISORB cyanide recovery. Again, like ore pre-treatment, the power source 

for these processes refers back to energy sources defined at level three.

A more complex model is used to represent the environmental fate of solution 

components during natural attenuation. The fields used to represent this process 

are given in Table 6.14.
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Table 6.14 Natural attenuation.

Component Units

Process name -

SA to volume ratio Dimensionless

Volume dm3

Retention time days

pH adjustment -

The process name uniquely identifies the current set of parameters to the user 

and other components within the database. The SA to volume ratio determines 

the available surface area for gas transfer; for example deep ponds with a small 

surface area would be expected to have a low surface area to volume ratio. 

Natural attenuation can be a relatively slow process, so long retention times are 

expected. This parameter determines the maximum retention time of effluent.

Like the lixiviants defined in Section 6.3.3.3, the pH adjustment is used to 

determine the influent pH for the impoundment; although it can be expected 

that the solution pH will change further with time, this allows the user to quickly 

modify initial conditions.

6.3.5 Level Five: Simulation Parameters

The final component at the highest level with the EPIGOLD data table defines 

the simulation parameters on which the environmental assessment is based. This 

draws together information on system components defined at previous levels, 

allowing the user to select a given process and lixiviant combination to recover 

gold from a selected ore. The fields used in the simulation data table are given in 

Table 6.15.
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Table 6.15 Simulation parameters

Component Units

Ore name -

Pre-treatment option -

Leach type -

Leach treatment -

Effluent treatment -

Natural polishing -

The ore name is a required item of data that refers to ore types defined 

previously at level three. The environmental assessment is based on the process 

of gold recovery from this ore. The remaining fields refer to processes defined at 

level three, and the first of these is the pre-treatment option. This can be used to 

specify a treatment for a refractory ore. The leach type specifies whether the 

system is based around a vat or heap leach process, and is used to compile a list 

of respective processes for the leach treatment field. The effluent treatment field 

refers to processes that actively treat effluent prior to release to the barren 

solution impoundment; choice of the latter is determined by the natural polishing 

field.

The presentation of these data to the user and their manipulation prior to running 

a process simulation is discussed in the next section.

6.4 EPIGOLD Forms

The database uses a series of forms to present the data to the user. This 

graphical interface is important because the data tables described in the 

previous section are hidden from the user, so any changes made to the data 

sets must be done via the forms.

There are three database components that use forms: (a) the main switchboard 

controlling access to each form, (b) record forms showing data contained within 

underlying data tables, and (c) report forms showing data calculated during the
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environmental assessment. The switchboard and record forms are described in 

the following sections.

6.4.1 EPIGOLD Switchboard

The switchboard is the central point of access within the database, providing 

access to a range of functions and to the list of forms presenting the data. The 

relationship between the switchboard and its underlying data tables is illustrated 

in Figure 6.5.

Loading the database brings up the splash title-screen shown at the top of 

Figure 6.5. This gives information about the author and the title of the software. 

Clicking on OK initialises the database, during which working copies of every 

underlying table are made. This allows the user to modify records without altering 

the initial values that are first loaded. This process takes a few seconds, and the 

progress is displayed via a status bar (shown below the title screen). Once this is 

completed the switchboard form is loaded; this is shown below the status bar.

The switchboard (bottom right) controls access to each of the report and record 

forms contained in the database. It does this by referring to a (normally hidden) 

data table containing the details of each form, shown at the bottom of Figure 

6.5. The form names are given in the blue list box; double-clicking on an entry (or 

pressing the VIEW button) brings up the relevant form. Because the database 

initially contains no data on the environmental performance of the system, the 

report forms are not available for selection, hence the form selector toggle 

button is only enabled for records. Once data has been generated both sets of 

forms can be viewed. When any form is selected from the list help text (again 

stored in an underlying data table) appears at the top of the switchboard giving 

a brief description of the form.
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172 MODEL IMPLEMENTATION

A set of command buttons are available on the right hand side of the 

switchboard form. As already explained, the VIEW button loads a form selected 

in the list box. When all the data required to generate information on 

environmental performance has been entered, the green DATA button is 

enabled. Clicking on this starts the environmental assessment; a process 

described in Section 6.5. When the record forms contain errors or are 

incomplete, the red ERROR button is highlighted. Clicking on this loads a form 

which displays a list of all the errors currently detected by the tool in the 

database record sets. This is an important part of checking the referential 

integrity of the database; a process described in Section 6.4.3. The RESET DATA 

button overwrites the current records with the master set contained in the 

database, a process similar to that carried out when the switchboard form is first 

loaded. The ABOUT button re-displays the splash form giving details of the 

author, and the final button marked QUIT EPIGOLD deletes all the working copies 

of data tables and exits the database.

6.4.2 Record Forms

The database contains 14 record forms linked to the underlying data tables that 

were described in Section 6.3. Although each form essentially displays data from 

one data table, other tables are also referred to when, for example, determining 

the SI units of the current entry or the help text describing a particular record.

The record form for lixiviant makeup is shown as an example in Figure 6.6. The 

form itself is shown in the centre of the figure with the underlying data tables 

shown above and below the form. The principal source of data is the table VB 

Uxiviants (the prefix 'VB' identifies working copies of data tables), and this is 

shown at the top. The entries displayed in the form can be seen duplicated in 

the table. In the example two other data sources are also used by the form: (a) 

help text, and (b) compound names. Help text is extracted from another 

underlying table called Global Units (the prefix 'Global' identifies master copies
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of data tables) and matched against the type of entry in the form - in this case 

the name of a compound. The third source of data are the compound names 

themselves. These are extracted from a working table VB Compounds and 

provide the entries displayed in the form.

Name 1 Compound 1 |Cl | Compound 2 l a  1 Compound 3 1 Q l  oH 1

*
1 Sodium cyanide 0.5j Sodium hydroxide 0.3  (NONE) 101 (NONE) (NONE) (NONE) j 7

| Record: i< I < 11 l ► In |» » | of 1

UNDERLYING TABLE

LIXIVIANT M>

Lixiviant name Component 1 |c i] Com ponent! [C2J Com ponents [C3]
► Cyanide lix iviant 4  io HBBMI.lW4t.MmLU . | i')J Sodium hydroxide j J  0.3 ( I (NONE)jJ
* 7 [NONE)jJ (NONE)jJ (IMONE)^J

Name o f lixiviant component (NaCN(s)).

jiLur i > I »i !»♦! of i

HELP TEXT

- r ln f  *1
□ Tag Edit f Type Display H e lZ J
t |Heap_values 1 Percent RUH Cutoff recovery grade
H  Lix_com ponent 2 Compound H

I Lix cone 1 [Concentration R UH
|L ix nam e  

B u x j p h
Record: l<| < 11 42

1 Text

1 D im ensionless  
’  t l H l M l o f  113

H

RU H

W M sl

Nam e of lixiviant (m ust be UNIQUE  

Initial pH of lixiviant solution __▼) 

-----------------1

S VB Compounds : Table

Z

CO M PO UND LIST

Compound ID Name | RTF T ]
► 11 (iflfliH  (N O N E)

41 Am m onia NH\plain \l3Vs13\dn3 3\plainV3\fs20(aq)
53

12
Calcite C aC O \plain \l3Vs13\dn3 3 \p la in \l3 \fs20(s) 
Calcium hydroxide C a(O H )\p lain \l3Vs13\dn3 2\p lain \l3 \fs20(s)L 46 Calcium  sulphate C aS O \p lain \f3\fs13\dn3 4 \p lain \l3 \fs20(s)

| Record: J l L J f 1 Of 62 _ i i _ |  J j ~ \

Figure 6.6 Lixiviant makeup form.
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6.4.3 Referential Integrity

The example in Figure 6.6 illustrates how forms may be dependent on a series of 

underlying data tables. The hierarchical structure of many databases (EPIGOLD 

included) means that changes at some point within the hierarchy may 

invalidate data stored elsewhere within the hierarchy. For example it is possible 

to delete a compound from the compound data table after it has been used in 

the lixiviant data table because the latter is at a higher level within the EPIGOLD 

database. This leads to problems in maintaining referential integrity when a user 

changes the initial data values.

A series of checks are therefore undertaken by EPIGOLD whenever working 

copies of data tables are altered by users. These include checks on the integrity 

of data themselves as well as the relationships between tables. For example, it is 

important to determine that the stochiometry of equilibria and reactions are 

balanced, or that power sources have been defined for unit processes. 

Whenever errors are discovered the green DATA button is disabled and the red 

ERRORS button enabled. Clicking on this lists current errors in the database in a 

form entitled fatal errors -  so named because the errors prevent an 

environmental assessment of the system being made. The form is shown in Figure 

6.7 with some example errors.

- Ini x

FATAL ERRORS

RECORD TYPE ERROR

S o lu tion  E quilib ria  Solution component '13' has incorrect stochiometry.

Simulation

Comminution The primary crusher has no pow er source.

There is no ore specified tor the environmental assessment.

Figure 6.7 Fatal errors form.
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These errors need to be corrected before the DATA button is re-enabled. The 

way in which this error checking is integrated within the database is illustrated in 

Figure 6.8. The forms described in previous sections are shown in grey at the top 

of the figure. Error checking is started when users change data through the 

record forms. This disables access to reports (if an assessment has been made 

previously) before the referential integrity of each data table is checked. If 

invalid entries are found (for example a power source specified for a unit process 

that has been deleted) the entry is deleted and the error form displayed. This 

also occurs if there are other errors in the data (for example an equation that 

does not mass-balance). If there are no errors the error form is disabled and the 

green DATA button enabled, so the user can run an assessment of the system.

Report access is enabled once the process and lixiviant choices selected on the 

simulation form have been assessed. This option is shown on the left of Figure 6.8, 

and is described in the next section.
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6.5 System Assessment

The situation at the beginning of the assessment phase is in many ways a reverse 

of that described at the beginning of Section 6.3. All the data exists and the 

relative position of each dataset is known, but information has yet to be 

extracted from the data on which to base the environmental assessment. 

Mitchell (1996) describes this situation rather aptly as '...a widening sea of data, 

but, in comparison, a desert of information'. The objective of system assessment, 

therefore, is to collate information on unit process behaviour and relate this to 

system environmental burdens in order to produce a set of indicators that can 

be used to assess the system's environmental performance.

The process of assessment is one of data aggregation; each component relies 

on data that have been derived from previous calculations. For example, once 

gold exposure has been determined by the mineral liberation models, the latter 

are no longer required in the assessment. This continues with leaching, whose 

efficiency cannot be predicted until gold exposure has been calculated, then 

to effluent treatment and eventually to the environmental fate of leach 

effluents. At each stage data are collated for inclusion in the environmental 

assessment.

Although this process is linear, the hierarchical approach to system construction 

proposed in Section 6.3 indicates that some components will be used by others 

at a number of points within the assessment. One example that can be 

envisaged are the models of solution behaviour that are required for calculating 

initial lixiviant composition, gold dissolution and eventual fate of leach tails.

The process of environmental assessment is illustrated in Figure 6.9.
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The following key is used in Figure 6.9.

COMPOUNDS

COMMINUTION

Database table 

Unit process

ORE BURDEN Burden derived from the activity of a unit process

GOLD EXPOSUReT ^ )  Model controlling system behaviour

Figure 6.10 System key.

Data tables used during calculations are shown at the top of the figure shaded 

blue. Unit processes are represented as boxes shaded grey, and the models 

controlling their behaviour as shaded ovals. The three burden types are shown as 

green shaded hexagons.

The first important point to note is that Figure 6.9 is not a process flow sheet. This 

figure illustrates: (a) the order in which the behaviour of unit processes is 

determined from the parameters specified in Section 6.3, (b) the point(s) at 

which the principal model types are used during the assessment, and (c) how 

the aggregation of unit process burdens is used in the final assessment scores. 

Information exchanges between components that concern the functioning of 

unit processes are given as solid lines, and dotted lines show information relating 

to the environmental assessment. The process of system assessment occurs in the 

following steps:

1. The assessment starts in the top left of Figure 6.9. Exposure models are 

required to predict the leachable mass fraction of gold contained within the 

ore for a given degree of size reduction. The data on which these 

calculations are based are extracted from the ore mineralogy data table 

and mineral properties contained in the table of compounds.

2. If ore pre-treatment has been specified a stoichiometric model of treatment 

is required to determine the changes in ore mineralogy that occur during
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treatment. This model requires input from the relevant data table where pre

treatment options were specified.

3. Both comminution and ore pre-treatment generate a potential 

environmental burden related to the ore mineralogy, referred to in the figure 

as an ore burden. This principally relates to minerals containing sulphur and 

arsenic; the associated burdens were described in Section 5.2.5 and these 

form the first component of the environmental assessment.

4. Beneficiated ore is used as feed for leaching and recovery. Data on lixiviant 

composition is used to determine the initial concentration of solution 

components, and solution models used to predict the recovery of gold from 

the ore. The latter require data on component reactions and equilibria 

defined in the database.

5. If active treatment of effluent has been specified for inclusion in the 

assessment, data on the respective treatment options are required so that 

changes to the leach effluent can be predicted. Tails and clear solution then 

pass to the tailings impoundment. Active treatment is the last process to 

require a power input; leaching, pre-treatment and comminution also 

contribute to an energy burden, which is the second component of the 

environmental assessment. The use of equivalency values translates the 

burdens associated with power generation in environmental effects used as 

part of the assessment.

6. The tailings impoundment is assumed within the assessment to represent the 

environmental end-point or sink for leach effluent. Hence this component is 

marked as environmental fate in the figure. The solution models are used 

again to determine how component concentrations change with time. The 

effluent burden associated with the impoundment is the final component of 

the environmental assessment. Toxicity models (described in Section 5.3.2.1)
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are used to determine the potential solution toxicity over the period of the 

assessment.

7. The three sets of data on system environmental effects are collated for the 

assessment itself. Although aggregation can be used to score similar 

environmental effects, the different burdens will by their nature produce 

effects that cannot be aggregated further. This may be for a number of 

reasons, including: (a) the effects may act on different components within 

the biosphere, and (b) a direct comparison of the effect magnitude based 

on its physical attributes (such as radiation reflection or hydroxide ion 

production) is not correct scientifically. The latter may require weighting by 

expert panel decision or using economic criteria, both of which fall outside 

this research. This is discussed further in the project conclusions, but means 

here that the assessment results take the form of a series of scores rather than 

a single index.

The algorithms used to implement each component and the reports generated 

by the database are discussed in the following sections.

6.5.1 Comminution

The size reduction of ore is the first component of the system to be assessed; this 

requires data on comminution processes and the ore type specified in the 

simulation data table. Ore enters the system as run-of-mine and is crushed to a 

given product size by up to three processes specified in Section 6.3.4.1. As each 

may use a different power source it is important to assess the energy input 

required during crushing. The modified Bond work index expression derived in 

Section 4.7.2 was used to do this. An overview of the algorithm used is given in 

Figure 6.11.
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Find ore grind size 
and work index

DO for each unit process

Find ore grind size 
and work index

YESGrind size > 
feed size? Power input = 0

YESGrind size > 
product size?

Power input -  grind 
size - product size

NO
Power input = feed 
size - product size

LOOP

Figure 6.11 Comminution algorithm.

Two items of data are required initially: (a) the ore grind size from the leaching 

process, and (b) the ore work index from the ore data table. The grind size is 

compared to the specifications of each process defined in the comminution 

data table to determine whether that process is required to comminute the ore. 

If the grind size is greater than the process feed size then that process can be 

excluded from the circuit.

Feed and product sizes for the work index calculations are determined by 

comparison of the ore grind size to the process feed and product sizes. If the 

grind size is less than the minimum product size then the process feed and 

product sizes are used to calculate the power input. If the grind size is greater 

than the minimum product size obtainable using the process then this indicates 

the process will be the last in the comminution circuit, and the ore grind size 

replaces the process product size when calculating the power input.

Power inputs in MJ.kg-1 are saved to a table that will contain all the power 

demands generated during the assessment.
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6.5.2 Concentration

Significant changes in ore composition occur as the gold fraction is separated 

from the associated gangue minerals during concentration. Where the gold 

grade and mineral recoveries are low the majority of each mineral fraction will 

end up in the tails, a consequence of the equations that are used to predict 

separation efficiency. Given that environmental burdens are calculated with 

respect to the functional unit this will affect the per-unit allocations of each 

downstream environmental burden.

Two outputs are required at this stage: (a) the mass fractions of ore reporting to 

the concentrate and tails, and (b) the mineral and gold mass fractions present in 

each product. A number of calculations are required to achieve this, and these 

are shown in Figure 6.12.

C a lc u la te  mass o f  
e a c h  o re  fra c tio n

Find m ass fractions

R e c o rd  initial f e e d  
mass fractions

N O R e co rd  c o n c e n tra te  
mass fractions

Is th e  o re  to  b e  
v a t  le a c h e d

YES

D O  for e a c h  m inera l fra c tio n  ~|« —

C a lc u la te  g o ld  
re c o v e ry  e ffic ie n c y

LO O P

C a lc u la te  p ro d u c t  
m ass fractions

C a lc u la te  m inera l 
fractions in p ro d u c ts

C a lc u la te  g o ld  
fractions in p ro d u c ts

Figure 6.12 Concentration algorithm.
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The mass proportions of each mineral component defined in the ore data table 

are used to calculate the mineral mass fractions. These calculations require 

mineral density values, extracted from the compounds data table. The mass 

fractions are recorded to a table which will be used to record changes in ore 

composition within the system.

The algorithm limits concentration to ores that will be vat leached. Hence the 

database uses the choice of leach treatment recorded in the simulation data 

table to determine whether or not concentration calculations will be carried out. 

If the ore is to be heap leached the mineral mass fractions calculated initially are 

entered under the products of concentration and the algorithm exited at this 

point.

Concentration calculations require the gold recovery efficiency for each mineral 

fraction to be calculated. These data refer to: (a) the recovery efficiency 

entered for the vat leach process, and (b) the initial gold grades specified for 

each mineral fraction for the ore that is being processed. Because the 

calculations are based on the separation of gold from a mineral fraction rather 

than a single mineral species from the gangue, mineral fractions not containing 

any gold are separated into the gangue. This is not entirely accurate (it is unlikely 

that concentration processes would separate gangue minerals with 100 percent 

efficiency) and hence introduces some limitations that are discussed later.

Once the recovery efficiency of each mineral fraction is known, it is possible to 

calculate the mass fractions of the ore reporting to the concentrate and the 

tails. As the gold grade of the concentrate is known (this value is specified in the 

vat leach process) this can be used to calculate the gold grade of the tails. The 

latter value is a function of the gold recovery efficiency; at 100 percent 

efficiency all of the gold is recovered into the concentrate.
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6.5.3 Pre-treatment

Concentrate that will be vat leached may be treated to improve gold liberation. 

Chemical changes in the composition of the concentrate are calculated by an 

algorithm that refers to the defined pre-treatment reactions and the 

concentrate composition that was calculated by the previous algorithm. The 

pre-treatment calculations are summarised in Figure 6.13.

NO Copy mass fractions 
and exit

Is pre-treatment 
specified?

YES

Determine valid pre
treatment reactions

Construct pre
treatment grid

Enter reactants

DO for each treatment stage

Enter reagents

Calculate reactions

LOOP

Separate and 
record outputs

Figure 6.13 Pre-treatment algorithm.

The first component checks to see whether pre-treatment has been specified in 

the simulation data table. If it has not, the concentrate composition is copied 

directly into the treated concentrate field, thus indicating no change in 

composition.

The pre-treatment reactions are used for both ore roasting and bacterial 

oxidation. However, very different physical conditions are found in each process 

so each set of reactions is regarded as being mutually exclusive. Therefore the 

next task is to determine which pre-treatment reactions are applicable for the
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selected process. A temporary array can then be constructed from these 

reactions, selected by referring to the pre-treatment choice chosen by the user.

The array referred to in Figure 6.13 as the pre-treatment grid contains all of the 

applicable pre-treatment reactions. One dimension of the array contains the 

reaction numbers and the other dimension the component ID numbers; this is 

possible because EPIGOLD identifies each compound using a unique number. 

For example REACTANT(9,74) would refer to compound 74 in reaction 9. For the 

purposes of this research it is not necessary to understand the different ways in 

which data held in arrays and data tables are referred to. It is sufficient to note 

here that arrays allow much faster access to the data, hence their use to store 

information on pre-treatment reactions within the algorithm.

Once the reaction grid has been constructed, the initial quantities of reactants 

are entered into a separate array. These values change as reactions proceed, 

and are referred to by the algorithm when determining whether or not a given 

reaction may occur. Pre-treatment reactions are adjusted to 1 kg of ore, hence 

the initial molar values for each reactant are reflected in the composition of the 

untreated concentrate. All subsequent reactions will be calculated 

stoichiometrically with respect to these values.

Pre-treatment is carried out by the algorithm in one or more steps, and each 

step requires different reagents. These are identified by another array prior to the 

calculation of the reactions themselves. Compounds identified as reagents are 

significant in that the mass of a given reagent added to the system is 

determined by the reaction demand rather than the initial values. This represents 

a scenario where reagents are added by the operator until pre-treatment has 

been completed.
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6.5.3.1 Reaction Algorithm

The reaction algorithm is an example of one component within EPIGOLD that is 

re-used by a number of different unit operations. The first of these is pre- 

treatment, and the algorithm is referred to again during leaching, effluent 

treatment and natural polishing. The reaction calculations are summarised in 

Figure 6.14.

DO

DO for each reaction [»■

NOIs the reaction 
valid?

YES

Add demand to 
system

LOOP

Find stochiometric 
limitation

Scale demand

Add reagents to 
meet demand

Calculate changes 
In system

LOOP until no further change

Figure 6.14 Reaction algorithm.

The algorithm uses a series of nested loops within which the calculations are 

executed until there are no further reactions that can take place in the current 

system. At the start of the algorithm a variable is set to record the number of 

reactions that take place during that cycle. If the variable is still at zero at the 

end of the algorithm the software knows that no reactions have taken place 

and the algorithm stops.
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Each cycle considers all of the reactions entered in the reaction grid for that 

particular stage of pre-treatment. At the start of this cycle the component 

demand is set to zero. A reaction is considered to be valid if: (a) all the reactants 

specified in the reaction expression are present in the system, and (b) at least 

one of the reactants is not a reagent. The latter is important because of the way 

reaction stochiometry is calculated. The mass of reagents required is calculated 

after component demand, so if a reaction between reagents is included in the 

component demand an infinite mass of reagents will be required to meet that 

demand. This is analogous to, for example, adding a 1:1 molar ratio of sulphuric 

acid and calcium carbonate to a solution. Given the subsequent neutralisation 

reaction, these components can (theoretically at least) be added indefinitely 

with no build-up of either reagent.

Calculating total demand prior to making changes to component composition 

gives all reactions equal priority within the system. This prevents situations 

occurring where, for example, the first of two reactions requiring the same 

reactants has priority over the second. Given that all pre-treatment reactions are 

assumed to occur instantaneously, the rate of reaction is not used during pre

treatment to calculate reaction demand which is therefore dimensionless with 

respect to time. More sophisticated variants of this algorithm are used later in 

EPIGOLD to calculate component demand from rate-dependent reactions.

Once the total demand has been calculated, this is checked against the 

number of moles of each component available for reaction. If the demand 

exceeds this value then that component places a stoichiometric limitation on 

the reactions that may take place during that cycle. Component demand is 

then reduced accordingly. At this point the stoichiometric demand of reagents is 

known so these components can be added to the system. The final component 

of the algorithm uses the demand to reduce the number of moles of reactants in 

the system and increase the number of moles of products. When all the former
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have reacted the system will have become stable, the total demand will drop to 

zero and the algorithm will stop.

6.5.4 Gold Exposure

The final component of ore beneficiation to be simulated prior to leaching is 

gold exposure. These calculations are based on the changes in mineral mass 

fractions that occur during concentration and pre-treatment, and use the 

physical properties of mineral components given in the compound data table to 

determine the leachable mass of gold contained in the concentrate.

Figure 6.15 gives the algorithm used to calculate gold exposure.

Find gold grain and 
ore particle sizes

DO for each stage

Find total mass of 
gold

Find exposure due to 
size reduction

Find exposure due to 
mineral porosity

Calculate total 
exposure

LOOP

Figure 6.15 Exposure algorithm.

The algorithm calculates gold exposure at different points during ore 

beneficiation to facilitate comparison of, for example, improvements in 

liberation achieved by ore pre-treatment over untreated concentrate. The 

algorithm also splits liberation into components attributed to the mineral porosity 

and size reduction alone; the reasons for this split were discussed in Section 4.4.3.

The first stage is to find gold grain and ore particle sizes from the ore mineralogy 

and leaching data tables. The run-of-mine ore has an assumed particle size of -
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1 m; subsequent decreases in particle size during size reduction will increase the 

mass of exposed (and therefore leachable) gold.

Gold exposure is calculated at four points within the system: (a) run-of-mine ore 

entering the mill, (b) ground ore that has not undergone concentration, (c) 

ground concentrate, and (d) treated concentrate where a pre-treatment 

option has been specified. At each point the mass fraction of gold in the ore is 

calculated first before determining the fraction of gold exposed28. Gold 

exposure due to size reduction is then calculated from the fracture models 

described in Section 4.4. Changes in the proportion of inter- and trans-granular 

fracture occurring during comminution will influence the mass fraction of gold 

exposed. This value is then modified by referring to the porosity of each mineral 

fraction given in the compounds data table, to give the total mass fraction of 

leachable gold present at that stage. The latter value is the final input required 

by leaching processes, and determines the maximum mass of gold that can be 

extracted from a given mass of ore.

6.5.5 Uxiviant Composition

Determining the initial composition of lixiviants introduces further model 

components that, like the reaction algorithm used during pre-treatment, are 

referred to at a number of points within the system. These calculations refer to 

data given in the lixiviant table specifying components used for lixiviant make

up, and to system reactions given at level two of Figure 6.4. Because it is 

assumed lixiviant solutions are prepared just prior to their use, only those 

chemical reactions that occur instantaneously are used in calculating solution

28 Data on mineral porosity are given in Appendix E, and are taken from research completed by Wen 

et al (1996:221), who demonstrated that the mass fraction of mineral reached by lixiviant during 

leaching varies with the porosity of mineral species present in the ore. The mineral classes used In 

EPIGOLD were discussed in Section 4.2.
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composition. This includes the rapid dissolution of soluble compounds and weak 

acid/base equilibria that are also assumed to be established rapidly in solution.

Algorithms determining the relative positions of weak acid/base equilibria are 

amongst the most complex of all the algorithms constructed for EPIGOLD, and 

the principles employed are described in the next sections prior to the algorithm 

itself.

6.5.6 Calculation of Weak Acid /Base Equilibria

The establishment of a weak acid/base equilibria can be illustrated with 

reference to Figure 6.16. This is the same equilibrium used as the example in 

Section 4.3.3.3, but has been modified to show the shifts in concentration of 

each component as the equilibrium is established.

100% 

90%  - Old ratio

80%  - 

70%  - 

60%  -

CO/PREDOMINATEShco3 PREDOMINATES

50%  - 

40%  - N e w  ra tio

30%  - 

20%  - 

10%  -

0%

Figure 6.16 Weak acid/base component concentrations.

For the purposes of the example it is assumed that an equilibrium position has 

been established at line A where (HCO3-) predominates, and therefore the 

solution pH is approximately 8.6. If the equilibrium is disturbed a change in the 

component concentrations will occur. The addition of, for example carbonate 

anions, will cause a shift to the right. This is indicated by line Y in Figure 6.16; if the 

solution was in equilibrium at this point the pH would be approximately 10.4, 

given by line B.
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Because the component concentrations are not at equilibrium (there is an 

excess of carbonate anions) a change in solution concentration will occur until 

the equilibrium is re-established. Specifically: (a) hydrolysis of carbonate will form 

hydrogen carbonate, shifting the concentration ratio from Y towards X, and (b) 

release of hydroxide ions will raise the pH from A towards B.

Lines B & Y to the right and below lines A & X give the limits of concentration 

change that will occur. Hence the new equilibrium position will exist on the curve 

somewhere between A & B, and X & Y, and the objective of an algorithm 

modelling these changes is to determine the component concentrations at this 

new equilibrium.

6.5.6.1 Control of Solution Equilibria

Weak acid/base equilibria are controlled by two components: (a) solution pH 

(the relative concentrations of hydroxide and hydroxonium ions), and (b) the 

relative concentrations of the conjugate pair.

Water is ionised to a small extent (Housecroft and Constable 1997:536) and the 

hydroxonium ion forms an equilibrium with the hydroxide ion, such that:

Kw = (OH-) (H30 +) = lxl O'14 mol.dm-3 (Equation 6.1)

The hydroxonium ion concentration is then used to calculate the pH of the 

solution, where:

pH = -iog10(H3O+) (Equation 6.2)

At equilibrium, Kw should therefore equal lxlO-^mol.dnrr3. It was important to 

determine how this changed in relation to the hydroxide and hydroxonium 

concentrations. Initial calculations adjusted Kw by taking the new component 

concentration of either hydroxonium or hydroxide, and using it to adjust the 

concentration of the other component. For example, given a change in 

hydroxide concentration, the hydroxonium concentration would be:
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(Equation 6.3)

However, using this technique to predict pH changes for weakly dissociable 

acids revealed that the shift in pH was too high. For example, at pH = 3, (H3O ) = 

lxlO-^mol.dm*3 and (OH*) = lxlO-^mol.dm*3. Addition of just IxlO-^mol.dm*3 of 

hydroxide ions gave a predicted pH of approximately 9.

Changes in Kw can be determined by looking again at establishment of the 

equilibrium with water. When Kw > lxl0*14mol.m*3 (for example after an acid or 

base has dissociated) both components are reduced in concentration as water 

is formed, or:

(OH-)+(H30 +) <=> 2H20  (Equation 6.4)

where: x is the ionic reduction required to correct Kw.

This can be expanded to an equation of the form ax2+bx+c=0 where a is the 

coefficient of x2, b the coefficient of x and c a constant term, so the equation 

can be treated as quadratic and solved using the formula detailed by, amongst 

others, Kreyszig (1988:635):

where: x is the unknown variable.

Equation 1.5 can be expanded to give:

(P -x )(Q -x )= lE ',J
P Q -Q x-P x + x2 = 1E'1J (Ê ua
x2+ (-Q -P )x + (Q P -1Ei‘,)= 0

where: x is the unknown term;

P is the hydroxonium ion concentration (mol.dm*3);

Q is the hydroxide concentration (mol.dm*3).

Therefore:

(h30 + - x)(OH‘ - x)= 1E 14 mol.m 3 (Equation 6.5)

-b ± V b 2-4 a c  x = ------- —---------- (Equation 6.6)
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In this case, a= l, b=(-Q-P) and c=(QP-lxlCH4). That the solution will have roots 

can be confirmed by substituting real numbers for a, b, and c, and checking 

that b M a c  > 0. Given that hydroxide and hydroxonium concentrations are 

typically real numbers between 1 and lxl0-14mol.dnrr3 means this is true and 

therefore the solution has roots.

It might be envisaged that a similar (analytical) solution can be used to 

calculate the concentrations of a conjugate pair, for example hydrogen 

carbonate and carbonate ions, at a given pH. The general acid dissociation 

expression for this pair provides the starting point, as this indicates at equilibrium 

that:

—Ka—  JCOh ^  equilibrium (Equation 6.8)
(H3O ) ( H C O j)

The above equation indicates that the value (C032-)/(HC03-) will vary depending 

on the solution pH, although the total for the concentration of these two 

components will remain the same, ignoring other reactions involving these ions 

that may occur in solution.

If the total concentration is assumed to be 1 (or 100 percent), Equation 6.9 can 

be rearranged to give the proportion of hydrogen carbonate present at any 

given pH:

If (COl") + (HCO)) = 1 then (Equation 6.10)

(HC° 3) = (K<y(H30*))+ l 

This value can be used firstly to calculate the fraction of carbonate present, and 

then the absolute concentrations of each component. These values are given in 

Figure 6.16 by line X.

However, the use of this expression to determine the component concentrations 

is complicated because:
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(a) The difference between lines X & Y in Figure 6.16 represents a concentration 

ratio, rather than an absolute number. Calculating the predicted ratios for 

the conjugate pair requires reference to the total concentration of each 

conjugate pair in solution.

(b) Hydroxonium or hydroxide ions released by equilibrium shifts do not directly 

relate to the subsequent change in pH, because this is controlled by the Kw 

equilibrium. For example, pH change caused by release of hydroxide ions 

during carbonate hydrolysis will accelerate as the pH moves from A to B. This 

is due to the drop in hydroxonium ion concentration as the pH rises, 

neutralising fewer hydroxide ions released during hydrolysis.

These complications precluded the use of an analytical solution to calculate the 

new equilibrium position of when components are added to solution, so instead 

it was proposed to apply an iterative technique sequentially to each conjugate 

pair. The algorithm that carries this out is described in the next section.

6.5.6.2 Algorithm For Weak Acid/ Base Dissociations

Weak acid/base calculations are actually divided into four similar sections; one 

of the four is depicted in Figure 6.17. Each section calculates solution changes 

for one possible change in a weak acid or base equilibrium: (a) acid dissociation 

generating hydroxonium cations, (b) acid hydrolysis generating hydroxide 

anions, (c) base dissociation generating hydroxide anions, and (d) base 

hydrolysis generating hydroxonium cations.
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Enter concentrations 
into system grid

DO complete dissociations

Set Kw equilibrium

Set ACTIVE flag to 
FALSE

DO for each conjugate pair

Calculate predicted 
pair concentrations

YESIs the change < 
system toleranceDO

NO

Determine maximum 
change

Divide current 
change by two

Set ACTIVE flag 
TRUESet Kw equilibrium

YESIs the change < 
system tolerance

Change component 
concentrations

NO

LOOP LOOP

LOOP until ACTIVE = FALSE

Figure 6.17 Weak acid/base algorithm.

The algorithm uses a series of nested loops to determine whether the system is 

currently active (monitored by an ACTIVE flag) and shifts in component 

concentrations are occurring. The calculations continue until the predicted 

changes are smaller than a predetermined tolerance value.

The algorithm starts by entering all the component concentrations into an array. 

This is much faster than the alternative - recording concentration changes to a 

data table -  and is necessary given that thousands of adjustments in component 

concentration may be undertaken by the algorithm each time it is executed.
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Strong acids and bases are considered by the algorithm prior to weak acid/base 

equilibria. These components are assumed to dissociate completely so 

concentration changes can be determined stoichiometrically, and because 

they end with an excess of hydroxide and hydroxonium ions (or 

(H3O)+(OH-)>1x 10‘14) an adjustment of the Kw equilibrium is required. At this point 

the system activity flag is set to FALSE; if there are no further changes in solution 

concentration this will tell the algorithm to END.

The main loop within the algorithm considers each weak acid/base equilibria in 

turn. A pre-set tolerance variable determines whether the current equilibrium 

requires adjustment. This is an important concept, required because: (a) small 

errors are generated during computation preventing an exact solution, (b) each 

system variable has a range determined by the software resources allocated to 

it and assigning values outside this range will result in an error or a zero value, (c) 

it is important to minimise computation time given that even approximate 

solutions take a significant amount of time to calculate. The system variables 

used in the database to represent the solution concentration of each 

component can store variables with an approximate range of lxl0+'-300. 

Obviously these are very extreme values and completing calculations to the 

limits of the variable type is unnecessary. Hence the requirement for a tolerance 

variable that allows the algorithm to ignore very small deviations in component 

concentration.

A second important point regarding algorithm tolerance is that the variable is 

expressed as a fraction rather than an absolute concentration. This goes back to 

the point made in Section 6.5.6.1, that it is the relative component 

concentrations that determine whether a conjugate pair are in equilibrium. If the 

tolerance value was an absolute number, components at very low 

concentrations would fall below the tolerance threshold and therefore not be 

included in the algorithm.
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The predicted change in the current equilibrium is calculated next. If this 

exceeds the tolerance value, the maximum changes in component 

concentrations that may occur as the equilibrium is established are calculated. 

This sets the limits for the iterative calculation of the equilibrium point, and is 

analogous to lines A and B in Figure 6.16. The ACTIVE flag is also set to true at this 

point, indicating that changes have occurred in solution composition.

Iterations are completed by: (a) dividing the maximum change by two, (b) 

calculating the predicted component concentrations at that point, and (c) 

adjusting the Kw equilibrium. If the results fall within the algorithm tolerance the 

iterations finish; this process continues until the tolerance value is reached.

Component concentrations are updated at the end of the loop and the process 

continues for each subsequent equilibrium considered by the algorithm.

6.5.7 Component Solubility and Dissociation

The second instantaneous adjustment made to solution composition concerns 

the sparing solubility of solid compounds, and the dissociation of soluble 

compounds into their component ions. This situation is analogous to the Kw 

equilibrium given in Section 6.5.6; a constant controls the equilibrium position via 

the component concentrations on each side of the expression. Hence it initially 

appears that changes in concentration can be determined analytically using a 

quadratic expression. This is true for compounds formed from monovalent 

minerals, such as the halides, where single metal ions combine with the 

equivalent numbers of anions. However many minerals and associated 

compounds (in particular the metal-cyanide complexes) have single metal ions 

that complex with multiple anions. In these situations the change in component 

concentration as the equilibrium is established is determined by the 

stoichiometric component ratios. Hence for a solution with excess ionic products 

and compound formed from a single cation, the ionic adjustment can be 

expressed as:
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Ks = k - x ] ^ - ( N B.x )r (Equation 6.11)

where: x is the ionic reduction required to correct Ks;

A+ is the cation concentration (mol.dm-3);

B+ is the anion concentration (mol.dm-3);

N b is number of moles of anion;

xis the reduction in ionic concentration (mol.dm*3).

As ionic products combine to form the compound, the change in anion 

concentration will be Nb times that of the metal. The value of Nb typically varies 

between one and six; in the latter case there are up to seven possible solutions 

for this equation (the sum of powers for the terms in square brackets).

A similar problem occurs when calculating the component concentrations of 

equilibria formed between soluble compounds and their ionic products. This was 

described in Section 4.3.2 using the constant Kc; the expression can be adapted  

to show how the equilibrium is established in a solution with excess ionic 

products:

where: Kc is the dissociation constant (arbitrary units);

AB is the soluble component concentration (mol.dm-3).

The change in component concentrations is again dependent on the molar 

ratios of ionic products to reactant.

Although Butler (1964:15) and Housecraft & Constable (1997:618) have both 

proposed a solution for x based on the mass balances of components in a 

saturated solution, it was envisaged that some solutions in EPIGOLD would be 

unsaturated. This required greater flexibility in the type of model used. No

K [AB+x] (Equation 6.12)



2 0 0 MODEL IMPLEMENTATION

analytical solution for the model was obvious29, so it was decided to use an 

iterative technique to predict changes in concentration required to reach the 

equilibrium point represented by each constant. This is given in Figure 6.18.

DO for each equilibrium

Calculate current 
equilibrium position

YES Is the equilibrium 
In balance?

NO

Determine 
component change

Does Kw affect 
the equilibrium?

Compensate for 
equilibrium

Adjust component 
concentrations

LOOP

Figure 6.18 Solubility and dissociation algorithm.

An iterative sub-routine is used to calculate the change in component 

concentrations required to establish the equilibrium. Like the weak acid / base 

equilibria, the change in concentration is calculated using a relative rather than 

absolute tolerance value; expressing the tolerance as a percentage variance 

from the equilibrium position allows the sub-routine to cope with large 

differences in component concentration between different equilibrium 

expressions.

Some of the equilibrium expressions include hydroxide or hydroxonium ions, and 

hence changes in component concentration will affect the solution pH. When

29 The help provided by Dr David Maries (School of Maths, University of Bath) In checking possible 

solutions is gratefully acknowledged.
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this is the case, the Kw equilibrium is also adjusted to take this into account, and 

the adjustment incorporated into the expression. The component concentrations 

are then altered by the calculated amount.

Unlike the pre-treatment and weak acid/base reactions, the main algorithm 

does not loop until the system stabilises. Instead changes are recalculated for 

each time step. This reduces the time taken for the algorithm to complete the 

calculations and because the step size is small compared to the intervals 

between 'samples' taken by EPIGOLD (recording of solution composition by the 

database), little deviation in component concentration is observed.

6.5.8 Rate-Dependence

Up to this point in the process simulation the behaviour of system components 

has been independent of time. For example, energy demand during size 

reduction has been expressed in MJ.kg ore-1 and in the last section changes in 

solution composition have been assumed to occur instantaneously. Hence there 

has been no need to describe these components using differential equations.

Leaching is the first process component to require the inclusion of rate- 

dependent reactions. The literature reviewed in Section 4.8.3 demonstrated that 

gold dissolution by lixiviants progresses at a known rate, and furthermore that this 

rate is dependent on the surface area of leachable metal. The shrinking core 

model developed in Section 4.3.4.1 is used to adjust the surface area during 

leaching, and this requires differential equations to calculate the rate of mass 

transfer of soluble components into solution.

Rate-dependent reactions are executed in a specific order within the system. 

The reaction order is illustrated in Figure 6.19.
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Strong acid/base

Weak acld/base

Instantaneous
equilibria

Time-dependent
equilibria

Instantaneous
reactions

Time-dependent
reactions

Figure 6.19 Reaction order.

For any solution acid/base dissociations are determined first; these are shown in 

the figure as components 1 and 2. Other equilibria are calculated next. Some of 

these are assumed here to occur effectively instantaneously, for example metal 

hydroxide precipitation, while others, such as the dissolution of gases, are 

governed by a rate constant. The former are calculated first and the rate- 

dependent equilibria next. Reactions (components 5 and 6) are calculated last.

This project uses the improved Euler method to solve differential equations found 

within the conceptual system. As the name suggests, this is an enhanced 

technique based on Euler's stepwise approximation of a true solution. The idea 

of this method (Acheson, 1998:39) is to advance in time steps of h according to 

the rule:

x„, = x„ + hf(xn, tn) (Equation 6.13)

where: xo is the initial value of x;

Xn the approximation to the true value of x at time tn=nh.

By using a small value for h and taking a large number of steps a good 

approximation can be obtained. However, the accuracy of the approximation 

can be improved by using more sophisticated step-wise methods. The improved
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Euler method uses a just-computed value to correct the approximation xn 

(Acheson, 1998:50), so that Equation 6.13 becomes:

x m , =  x n + 2 ( C |  +  c 2 )  (Equation 6.14)

where ci is:

c, = hf(xn, tn) (Equation 6.15)

and where C2 is:

C2 = hf(xn + C]t tn + h) (Equation 6.16)

This reduces the error associated with the approximation from h (for the standard 

method) to h2 for the improved method.

The use of differential equations to calculate rate-dependent equilibria and 

rate-dependent reactions is described in the following sections.

6.5.8.1 Rate-Dependent Solution Equilibria

It is known (Simovic et al, 1984) that the equilibria between some solution 

components (for example, WAD cyanide complexes) is governed by a rate 

constant. This means that, for a given time-step, the change in the number of 

moles of solution component can be limited by: (a) the concentration of 

components available to form the equilibrium, and (b) the rate constant. The 

expression used to determine the rate of gas volatilisation is slightly different, 

given that this depends on the available solution surface area. The algorithm for 

this process is described in Section 6.5.8.2.

Figure 6.20 gives the algorithm used in EPIGOLD to calculate rate-dependent 

equilibria whose equilibrium position is determined by the constant Kc.



204 MODEL IMPLEMENTATION

DO for each equilibrium

Calculate current 
equilibrium position

YES Is the equilibrium 
in balance?

NO

YESDoes K* affect 
the equilibrium?

Incorporate into 
calculations

NO

Determine maximum 
potential shift

Determine rate- 
governed change

NO Change is governed
  b y K c  _____

Does the rate 
limit the shift?

YES

Change is rate- 
governed

LOOP

Figure 6.20 Rate-dependent equilibria governed by Kc.

One difference apparent between Figure 6.18 and the algorithm given above is 

that no variable flag is used to check whether the system is still active before the 

algorithm finishes. In the former this caused the algorithm to repeat until all 

components were in equilibrium at a given point in time. This principle cannot be 

applied to rate-dependent equilibria as relative changes in component 

concentrations depend on the specific rate.

The algorithm loops through each equilibrium identified as being rate- 

dependent, and starts by calculating the current equilibrium position. This is then 

compared to the equilibrium constant, and if the two are found to be the 

same30 the algorithm loops to the next equilibrium.

30 Like the weak acid/base algorithm described earlier, a constant is used to reduce the sensitivity of 

the comparison. Computational errors and data accuracy limits prevent component concentrations 

from being calculated that match precisely those predicted for the equilibrium position.
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Calculations for some of the equilibria described within the project are 

complicated by need to incorporate the Kw equilibrium into the calculations. 

Metal hydroxides are one example of components whose dissociation is 

governed by the hydroxide concentration (and hence pH). If this were not 

included in the calculations the predicted component concentrations would be 

incorrect. In the algorithm the requirement for Kw is determined by checking 

anion species in the expression. If this is found to be hydroxide Kw is incorporated 

into the following steps by adjusting the predicted hydroxide concentration 

using the expression described earlier.

The algorithm determines the actual change in component concentrations by 

calculating: (a) the maximum change in concentration required to establish the 

equilibrium, and (b) the maximum change in concentration for the specified 

time-step at the given rate. The latter is calculated using the improved Euler 

method, which itself is governed by the maximum changes in component 

concentration that are required to establish the equilibrium. This is because the 

equilibrium is assumed to be dynamic, with both forward and reverse reactions 

occurring at any given time. At the equilibrium point both the net change in 

component concentration and the rate are zero.

The two calculated values are compared by the algorithm, and the smaller of 

the two used to adjust the component concentrations. The algorithm then loops 

to the next equilibrium.

6.5.8.2 Rate-Dependent Volatilisation and Dissolution

Work completed by Simovic et al (1984:423) showed that the volatilisation of 

hydrogen cyanide from an impoundment occurred at a measurable rate. These 

data are combined within EPIGOLD with solubility data given in Appendix E to 

determine: (a) the solution concentration of gases at equilibrium, and (b) the 

rate of volatilisation and dissolution at a given point in time.
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The algorithm used to control this process is very similar to that given Figure 6.20. 

The current solution concentration of each gas is compared to the relevant 

value of Kp, and the relative difference between the two determines whether 

volatilisation or dissolution will occur. A smaller Kp value indicates the former, 

while a lower solution concentration indicates the latter. Once again the 

algorithm compares the maximum change in concentration required to 

establish the equilibrium against the change predicted from the rate constant, 

and uses the smaller value to alter the component concentration.

6.5.8.3 Rate-Dependent Reactions

Calculating changes in component concentrations that result from rate- 

dependent reactions is in many ways more straightforward than for rate- 

dependent equilibria. Because reactions are assumed to go to completion, 

activation energy and system enthalpy can be ignored (also representing an 

important limitation of current algorithms). However given that the rate of 

mineral (and gold) dissolution is also a function of surface area and mineral 

diffusivity, these components had to be incorporated into the algorithm which is 

given in Figure 6.21.
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DO for each reaction DO for each component

YESNO Is the component 
a mineral?

Can the reaction 
occur?

NOYES
Modify rate using 

surface areaAdd to list of valid 
reactions

Modify rate using 
concentrationLOOP

YESNO YESIs the component 
a critical Ion?

Are there any 
valid reactions?

NO

Determine rate from 
rate modifiers

DO for each reacting mineral

Find next reaction 
boundary LOOP

DO for each component |«—
Calculate llxlvlant 

demand
Set component 

demand
NO Can diffusion 

meet demand?
Calculate llxlvlant 

stochlometryYES

Reduce reaction 
demand LOOP

K Add llxlvlant 
demand to total

LOOP until all minerals reacted

DO for each component

YESIs demand 
exceeded?

Reduce component 
demand

NO

Update component 
concentrations

LOOP

Figure 6.21 Rate-dependent lixiviant and mineral reactions.

The algorithm starts by determining which reactions can occur for the given 

solution (shown in the top left hand corner of the figure). It does this by checking 

whether each component required by a particular reaction is present in solution, 

or in the case of minerals, present in the ore. If a reaction can occur this is added 

to a list of valid reactions used later in the algorithm.
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If there are no valid reactions the algorithm exits at that point. If one or more 

reactions may occur the next stage is to modify the rate of reaction using 

component concentrations and the calculated mineral surface area. Note that 

at this point the diffusion of lixiviant into the ore particle is not taken into account. 

If a component is identified as being a critical ion (see Section 6.3.2.4) the 

algorithm also checks the concentrations of components that may influence the 

leaching rate, and adjusts the rate of reaction accordingly.

Once the rate of reaction has been determined for each reaction that may 

occur, the initial demand for each component is calculated. At this point the 

lixiviant stochiometry for reactions involving lixiviant ions is also calculated; these 

data are used in the next stage when calculating the effect of lixiviant diffusion 

on the rate of mineral (and gold) reaction.

The shrinking core model is implemented by considering successive reaction 

boundaries within the ore particle. The algorithm loops though all of the reacting 

minerals to determine the order in which they will react with lixiviant diffusing into 

the ore particle. Those with the greatest mass fraction will react first, and those 

with the smallest fraction last as the latter will only exist at the centre of the 

particle. Lixiviant demand at each reaction boundary is calculated, and the 

demand carried forward to the next boundary. If this figure exceeds the lixiviant 

diffusivity at a given boundary, the rate of mineral dissolution (and overall rate of 

reaction) is reduced.

The final component looks at the overall demand within the system, based on 

the adjusted rates of reaction and the selected time step. If overall demand for 

a particular component exceeds the number of moles of that component within 

the system, the mass of all components participating in reactions at that point is 

reduced. Once these data have been scaled the component concentrations 

and mineral masses within the system are updated.
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6.5.9 Leaching Algorithms

The model is now at a point where the first leaching component can be 

introduced. All of the algorithms described in the above sections used to 

determine solution chemistry are incorporated into the vat and heap leaching 

algorithms. Although both use similar principles to determine the mass of gold 

extracted from the ore, the former is deait with first as it uses only one ieaching 

element (the reactor) compared to the stacked elements of the heap leach. 

This makes it slightly less complex to implement.

6.5.9.1 Vat Leaching

The vat leaching algorithm calculates the physical parameters of the reactor 

and its contents before simulating the leaching process with respect to these 

parameters. The algorithm is given in Figure 6.22.

C Calculate ore mass 
and reagent volume

Calculate ore 
surface area

c Calculate mineral 
surface area

Determine power 
Input per kg ore

cAdd ore and lixiviant
to reactor

DO

Call solution 
chemistry algorithms

Record component 
changes

LOOP until leaching time ends

Figure 6.22 Vat leaching algorithm.
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Leach parameters set in the vat leaching data table are used to calculate the 

mass of ore in the reactor and the reagent volume used to leach it. These data 

must be calculated prior to leaching itself as they determine, for example, the 

leachable surface area of each solid component and the volume of reagent 

used to leach the ore. The total ore surface area can be calculated from the ore 

mass, grind size and mean ore density. This value is used to calculate the initial 

surface area of each mass fraction. The power input per kg of ore is also derived 

from these data, given that the total leaching time is set in the vat leaching data 

table.

Prior to leaching, an array is created recording the number of moles of each 

component present in the reactor. These data are updated as leaching 

progresses, providing a record of both solution chemistry within the reactor and 

the mass of each solid fraction (including gold) that remains to be leached. The 

algorithm calculates the changes to these data at a fixed step size, calling each 

solution chemistry algorithm in turn for each step. These are responsible for 

calculating the actual changes in solution chemistry within the reactor, and 

when these changes have been completed the program returns to the vat 

leaching algorithm to allow any changes to be recorded. This process continues 

for the duration specified in the vat leaching data table before the algorithm 

exits.

6.5.9.2 Heap Leaching

Although similar to vat leaching, the algorithm for heap leaching calculates 

changes in solution composition across a series of elements as opposed to the 

single reactor in the former. This increases the complexity of the algorithm, which 

is given in Figure 6.23.
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Calculate element 
parameters

Add components to 
each element

DO for each element
Calculate lixiviant 

composition
Update solution 
concentrations

Record mass of gold 
in each element

YESIs the current 
element the first?

DO N O

Add fresh lixiviant to 
the element

Record outflow from 
last element

LOOP

Call solution 
chemistry algorithms

Record component 
changes

YESHas cut-off been 
reached? STOP leaching

N O

LOOP until leaching time ends

Figure 6.23 Heap leach algorithm.

Like vat leaching, initial parameters are calculated, and leaching proceeds with 

respect to these parameters. However, the stacked elements within the heap 

are leached in a specific order so a second dimension must be added to arrays 

holding data on the number of moles of each system component. This means 

that the mass (or concentration) of a given component will vary depending on 

its position within the heap, as well as with time, as leaching proceeds.

The algorithm assumes that the leaching processes begins when the ore particles 

are evenly wetted and solution flow through each element is in 'steady-state'. 

This assumption represents a current limitation of the algorithm, but simplifies flow 

calculations by ignoring the effects of 'ponding' (localised solution hold-up 

within the interstitial space) and the influence of solution viscosity on solution 

flow. At time t= 0 fresh lixiviant enters the uppermost element (shown by the loop
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on the right of the algorithm). As each time step elapses the solution percolates 

down through successive elements, with the effluent from the final element 

recorded to a data table for later analysis.

Two data sets are generated by the algorithm when it records the component 

changes (a process that occurs at the end of the leaching loop): (a) changes in 

the mass of gold solids within each element with time, and (b) changes in 

effluent solution composition with time. Gold is the only solid component whose 

changes in mass are currently recorded by the algorithm; this reduces the size of 

data tables generated by the algorithm.

Given the length of time that ore heaps can be leached relative to a vat leach, 

a cut-off grade is also monitored by the algorithm. This value corresponds to the 

mass of gold that can be recovered at which point leaching stops. This value is 

set by the user in the heap leach data table, and reduces the total leaching 

time when recovery is only being assessed during the initial stages of operation.

6.5.10 Active Treatment

EPIGOLD currently includes three 'active' processes that may be used to reduce 

the toxicity of the leach effluent, these being the treatment of the effluent 

assisted by the addition of chemical reagents or mechanical agitation. Whilst it 

was noted in Section 2.8.3 that natural polishing of barren solutions is commonly 

used, active treatment can supplement this process reducing the initial toxicity 

of process discharges. However this occurs at a cost, which for the purposes of 

this project is measured in terms of reagent addition and energy consumption.

The active treatment algorithm is similar to that constructed for ore pre

treatment in that it considers stoichiometric changes in effluent composition 

only. This is a current limitation of the model, whose implications are discussed in 

the project conclusions. Both the Degussa and INCO processes use the same 

algorithm as the BIOX pre-treatment process, with stoichiometric changes
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calculated as reagents are being added to the solution. The Cyanisorb cyanide 

recovery process is different in that WAD and free cyanide is removed from the 

solution rather than being oxidised. This results in a reagent 'credit' for the 

process, which is reflected in a reduced lixiviant demand per troy ounce of gold 

recovered.

6.5.11 Passive Treatment

The final process modelled by EPIGOLD is the natural attenuation of leach 

effluent. This component refers to the same solution chemistry algorithms as the 

leaching processes, but changes in solution composition are driven principally by 

the dissolution and volatilisation of gases across the pond surface. The algorithm 

used to control this process is given in Figure 6.24.

Calculate reagent 
concentrations

Adjust solution pH

DO

Call solution 
chemistry algorithms

C Record com p on en t''''^  
  changes

LOOP until leaching time ends

Figure 6.24 Natural attenuation algorithm.

Although similar to the algorithm controlling heap leaching, the natural 

attenuation process is similar. The pond is effectively a single element (EPIGOLD 

assumes it to be well-mixed, an assumption discussed in the project conclusions), 

and component changes are calculated successively within the element. The 

user is given the option of adjusting the solution pH prior to the attenuation 

process. While a gradual drop in pH can be envisaged, caused by, for example,
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the dissolution of carbon dioxide or acidic precipitation, an initial adjustment will 

accelerate this process.

Changes in component concentration that occur during attenuation are 

recorded by the algorithm to a separate data table. These data are used as the 

basis of toxicity calculations completed for the BEO assessment, described in the 

next section.

6.6 BEO Assessment

The final component of the model to be implemented is the environmental 

assessment. These data are calculated from the various system outputs whose 

derivation has been described in the previous sections.

EPIGOLD's BEO assessment is completed by: (a) aggregating selected process 

outputs (for example power demand), (b) converting these aggregated data 

(referred to in LCA terms as the environmental profile or aspect) into 

environmental effect scores using the mechanisms described in Section Chapter 

5, and (c) carrying out a final summation of effect scores to give the BEO indices 

for each environmental effect category. The process is slightly different for the 

toxicity calculations; in this case the mean and peak toxicity scores are given for 

the natural attenuation of leach effluent. The BEO assessment stops at this level 

of aggregation to maintain calculation transparency. Although LCA facilitates 

the comparison of different environmental effects by using weighted scores, 

these weightings are typically derived from decisions made by expert scientific 

panels considering the assessment, or by economic valuation. Effect weighting is 

therefore not currently considered by this research.

The process of BEO assessment was outlined in Figure 6.9, showing where data 

included in the assessment is derived from and how it is aggregated. Figure 6.25 

illustrates this process in more detail.
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EMISSIONS DATA ORE C O M P O SIT IO N

ENERGY D E M A N D EFFLUENT C O M P O S IT IO NN C V  M O DEL

ORE ACIDITY

EFFECT MODELS TOXICITY M O DEL

ENERGY EMISSIONS

BEO ASSESSMENT
•TOTAL G W P  
•TOTAL P AQ P  
•TOTAL AP  
•ADJUSTED AP  
•M E A N  TOXICITY  
•PEAK TOXICITY

GASEOUS EFFECTS PEAK &  M E A N  TOXICITY

Figure 6.25 BEO Assessment Summary.

Selected data are recorded during the simulation of the system, and these are 

shown as the blue boxes in Figure 6.25. The energy demand generated by each 

unit process is used to calculate the gaseous and particulate emissions for each 

energy source given in the emissions data table. This part of the environmental 

burden is used in combination with the effects models in the calculation of 

environmental effects that result from the emissions (labelled here 'gaseous 

effects').

The acidity of spent ore is a second component used to adjust the AP score for 

the system. Leached ore and concentrate tails might contain a number of 

sulphide mineral species that have the potential to generate ARD. Given that 

both components share a potential common end product - a low pH effluent 

containing dissolved metals - the NCV score is used in the adjustment of AP, with 

a negative NCV increasing the AP score and conversely a carbonaceous ore 

reducing the AP score.

These scores form the first part of the BEO Assessment. One special case is 

included in the assessment: the use of sulphur dioxide (a by-product of ore 

roasting) as an oxidant to treat cyanide-containing leach effluents. This has a 

beneficial effect, reducing the AP score. The new AP value is referred to in the 

assessment as the 'Adjusted AP'.
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The second assessment component bases its scores on the changes in chemical 

composition that occur within the barren solution pond. The toxicity models 

referred to in Section 5.3.2.1 are used to calculate the solution toxicity for each 

recorded time step, integrating these scores over the period of the assessment. 

The mean and peak toxicity values are calculated from these data for the 

assessment. Like the emission scores described in the previous paragraph, the 

objective of environmental optimisation is to minimise each of these scores by 

adjusting process parameters. An 'optimum' set of scores equating to the BEO 

has the smallest set of values. Given that no further aggregation of values is 

made by EPIGOLD, the expertise of the user is required at this point to decide 

what compromises should be made to minimise a particular score.

6.7 Chapter Summary

This chapter has described how the conceptual model EPIGOLD is implemented 

using the database Microsoft Access to produce a software tool. The latter uses 

a series of tables to store data describing each system component, and the 

programming language Visual Basic for Applications to control how these data 

are manipulated by the tool.

Section 6.2 outlined the fundamentals of database design, and showed how 

each form within EPIGOLD contains data from one or more underlying data 

tables. These were described in Section 6.3, which demonstrated how the 

hierarchical approach to model construction was maintained during the 

organisation of data within each set of tables. The latter were shown to be 

organised into five distinct levels, from parameters used to define each chemical 

constituent to those required to select process components prior to a simulation 

run.

In Section 6.4 the concept of referential integrity was introduced as a means of 

determining whether changes in data parameters at lower levels required data
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contained at higher levels to be updated. This is carried out by EPIGOLD prior to 

any process simulation. The latter was described in Section 6.5, which detailed 

the algorithms used by each component to manipulate the data sets.

The simulation is completed by an environmental assessment of system inputs 

and outputs, which was described in Section 6.6. The assessment uses 

aggregated data from each unit process to generate a set of scores, allowing 

the user to make comparisons between different process and lixiviant 

combinations simulated by the model.

The next chapter presents results generated by EPIGOLD using data contained in 

the various cited literature sources. These are used initially to validate the tool, 

and then to investigate how environmental performance responds to changes in 

ore mineralogy, process choice and selected operating parameters.



CHAPTER 7. RESULTS AND DISCUSSION

7.1 Chapter Introduction

The previous four chapters have described the construction and implementation 

of EPIGOLD using the application Microsoft Access '97. This chapter documents 

model validation and the generation of results for selected process and lixiviant 

combinations.

The chapter is divided into two sections: (a) EPIGOLD validation and (b) EPIGOLD 

results. In the context of this project validation is concerned with verifying that 

the behaviour of model components is consistent with comparative empirical 

data. Given that EPIGOLD is a conceptual model, this behaviour will be 

governed by underpinning assumptions that were discussed in Chapter 4. Their 

sensitivity and robustness for a given range of input data reveals the range of 

values for which the assumptions hold and, arguably more importantly, the data 

values that cause the breakdown of the conceptual model.

While the process of validation concerns single components that form the 

model, the results are generated from the interaction between a set of 

components chosen by the user. Changes in model parameters alter this 

interaction, recorded as changes in the various materials and energy flows. 

Ultimately these changes are represented by variations in the associated 

environmental effects. The second half of this chapter records system behaviour 

for selected process and lixiviant combinations identified in Chapter 2 by 

supporting literature as having significant implications for the environmental 

performance of the system as a whole.

These results are used as the basis for the conclusions and recommendations for 

future work that are presented in the next chapter.
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7.2 EPIGOLD Validation

Unexpected or unusual behaviour of a given software tool may be caused by 

one or more of the following reasons: (a) an as-yet unidentified limitation (or 

breakdown) of the underpinning conceptual model, (b) a problem with the 

implementation (or coding) of the tool, (c) an internal error within the software 

itself (for example rounding errors caused by a specific variable declaration), or 

(d) correct behaviour that was not anticipated during model construction. Any 

of these phenomena may damage the scientific value of data generated by 

the tool, so it is important to check that each component functions correctly. 

Because on many occasions it is difficult to distinguish between these different 

problems, it is important to look at the behaviour of individual components 

during validation rather than the entire system. This simplifies the process of 

validation, and ensures that no errors are carried through to data aggregation.

In this section two types of validation are carried out on model components: (a) 

numerical and (b) empirical. The former refers to the various algorithms that use 

mathematical techniques to generate data. In particular differential equations 

constructed for EPIGOLD are solved using numerical techniques. The accuracy 

of these techniques are a function of the chosen step size h; a large value may 

introduce significant errors into the model. Hence it is important to determine 

how generated values change with the step size, and whether this change is 

significant for the model as a whole.

In the context of this project empirical validation refers to the comparison of 

model results with experimental data available in the literature. Given that many 

of the components discussed in Chapter 4 are based on empirical research, this 

process of comparison is a valuable way of determining whether components 

are functioning correctly.

In the following sections example data is generated from selected model 

components, and where possible compared against empirical data obtained
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from the literature. This process begins with the testing of models representing 

solution chemistry.

7.2.1 Solution Chemistry

The chemistry of leaching solutions and their interaction with mineral 

components are controlled by a series of general chemical models. These were 

introduced in Section 4.3. Given that EPIGOLD allows a wide range of chemical 

reactions and equilibria to occur, both the sensitivity and robustness of these 

models are important to the correct functioning of EPIGOLD.

7.2.1.1 Acid and Base Reactions

Changes in solution pH are an important consequence of acid / base reactions. 

This in turn governs the activity of solution components in equilibrium with either 

the hydroxide or hydroxonium ions. Validation is carried out by adding different 

acids and bases to the lixiviant, and then recording the calculated changes in 

solution composition.

7.2.1.2 Strong Acids and Bases

Given the assumptions governing solution activity that were discussed in Section 

4.3.3.2, calculation of the expected solution composition on addition of a strong 

acid or base is straightforward. The model is first tested by specifying a neutral 

(ph=7) solution to which 0.05mol.dnr3 of sodium hydroxide are added. These 

values are shown in Figure 7.1.

LIXIVIANT MAKEUP

 ̂ Lixiviant name Test Solution C o m p o n e n t  [C ]

C itic a l ion Cyanide (NONE)jy 0

pH 7 Sodium hydroxide^] 0.05

(NONE) 0

Record: J lL J I  T of , m

Figure 7.1 Lixiviant composition.



221 RESULTS AND DISCUSSION

Complete dissociation of 0.05mol.dnrv3 of sodium hydroxide will yield 0.05mol.dnrr 

3 of hydroxide ions and 0.05mol.dnrv3 of sodium. After correction for Kw, a 

significant increase in solution pH can be expected. However, EPIGOLD uses a 

set of general rules to calculate these changes, first referring to a table of instant 

reactions. Part of this is shown in Figure 7.2.

EjEEjH

ID

REACTIONS

Reference and Rate REACTANTS and PRODUCTS

4 Instanl Reaclanls: Sodium hydroxide Ml 1 (NONE)jJ 0 (NONE) j^J 0 M
Products: Sodium(l)fl] 1 Hydroxide|tj 1 (NONE)^| 0 1

6 Instanl Reactants: Hydrochloric a c id ^  1 Waterjg| 1 (NONE) J jj 0

o Products: Hydroxonium 1 Chloride f r j \ (NO NE)j| ° »|
Record: M l - 1 i ► In  !►*) of 6 : Hi , . ...... _| i n

Figure 7.2 Instant reactions.

After calculating the stoichiometric changes in solution composition, the tool has 

to correct for the Kw equilibrium. Given that changes in the hydroxide and 

hydroxonium concentrations can be treated as a quadratic equation (see 

Section 6.5.6) this correction has an analytical solution.

The solution feed and product composition predicted by the tool is given in 

Figure 7.3. All values are in mol.dnv3.

m m _xj

LIXIVIANT COMPOSITION —

C O M P O U N D FE ED P R O D U C T

1 S o d iu m  h y d r o x id e  5 .0 0 E -0 2

1 H y d r o x id e  1.0 0 E -0 7 5 .0 0 E -0 2

H y d r o x o n iu m  l .0 0 E -0 7 2 .0 0 E -1 3

S o d iu m ( l ) 5 .0 0 E -0 2  ‘ ▼

I

Figure 7.3 Strong base solution composition.

The feed is shown as containing the sodium hydroxide and lxlO-°7mol.dm-3 of 

both hydroxide and hydroxonium ions. Given the logarithmic dependence of pH 

on hydroxonium ion concentration, this equates to a solution pH of 7. The tool 

has calculated that the solution product contains 0.05mol.dnrr3 of sodium ions.
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indicating that complete dissociation of sodium hydroxide has occurred. The 

hydroxide ion concentration has increased to 0.05mol.dnrv3 and the 

hydroxonium ion concentration decreased accordingly to 5xl0-13mol.dnrv3. The 

actual concentrations would vary slightly as these data are given here to 3 

significant figures. The analytical solution to the Kw equilibrium can be tested by 

finding the product of the hydroxonium and hydroxide ion concentrations. Given 

that this equals lx l CH4 moP.dnrr6 these calculations are correct. Finally, the pH of 

the solution can be calculated as -ioglO(HvdroxoniumT This equals 12.70.

The process can be repeated for the addition of 0.05mol.dnrr3 of hydrochloric 

acid, shown in Figure 7.4.

m ■ ■ M B * .  i . x \

LIXIVIANT MAKEUP

►1 Lixiviant name Test Solution Component (C l

Critical ion Cyanide g  (NONE)*] 0

PH 7 Hydrochloric acidjsjj 0.05
(NONE) J

Record: H I < ||~ “ T  J j  «Ji*J of 1

Figure 7.4 Lixiviant composition.

The calculated solution composition is given in Figure 7.5; all component 

concentrations are given in mol.dm-3.

I f x |

LIXIVIANT COMPOSITION
A.

C O M P O U N D FEED P R O D U C T

1 H y d r o c h lo r ic  a c i d  5 .0 0 E -0 2

C h l o r i d e 5 .0 0  E -0 2

H y d r o x id e  1 .0 0 E -0 7 2 .0 0 E -1 3

H y d r o x o n iu m  1 .0 0 E -0 7 5 .0 0  E -0 2  ■3
n

Figure 7.5 Strong acid solution composition.

Again, complete dissociation of hydrochloric acid yields 0.05mol.dnrr3 of chloride 

anions and approximately 0.05mol.drrr3 of hydroxonium cations. The hydroxide 

ion concentration drops correspondingly to 2xl0-13mol.dnrv3, making the solution 

pH approximately 1.3.
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7.2.1.3 Weak Acid and Base Equi libria

EPIGOLD includes a number of weak acids and bases that form equilibria in 

solution. Calculation of the resulting solution composition requires EPIGOLD to 

use an iterative algorithm that can calculate changes to a specified tolerance. 

This occurs once the stoichiometric changes described in the previous section 

have been determined.

Hydrocyanic acid was used to validate changes in pH caused by weak acid 

dissociation. Its dissociation constant is given in the literature (Housecroft & 

Constable, 1997:535) as 4.9x10-10mol.dm-3, indicating that it is a relatively weak 

acid. The model was tested by adding 0.05mol.drrr3 of hydrocyanic acid to a 

neutral (pH=7) solution, and observing the calculated changes in solution 

composition. These are shown in Figure 7.6.

_xj

1 LIXIVIANT COMPOSITION -

C O M P O U N D FE ED P R O D U C T

H y d r o c y a n ic  a c i d 6 .0 0  E -0 2 5 .0 0  E -0 2

C y a n id e 4 .8 8 E -0 6

H y d r o x id e 1.0 0 E -0 7 2 .0 1  E -0 9

H y d r o x o n iu m 1.0 0 E -0 7 4 .9 9 E -0 6  ■
3

_ £

Figure 7.6 Weak acid solution composition.

Hydrocyanic acid is shown to dissociate only sparingly, leaving approximately 

5xl0-2mol.dnrr3 in solution after dissociation. A small amount of the cyanide anion 

(less than lxl0-5mol.dnrv3) can therefore be found in the product. As the acid 

dissociates it reacts with water to form hydroxonium cations, and this causes the 

pH to drop. The pH of the product solution is predicted to have decreased from 

7 to approximately 5.3.

A mixture of two weakly dissociating compounds is used for the final validation. 

A neutral solution is used as the starting point, to which 0.05mol.dnrv3 of both 

hydrocyanic acid and ammonia are added. The dissociation constant Kb for
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ammonia (1 .SxlO^mol.dm-3) indicates greater activity of this compound relative 

to hydrocyanic acid. An increase in solution pH is therefore expected. The 

calculated solution composition for these components at equilibrium is given in 

Figure 7.7.

xj

1 LIXIVIANT COMPOSITION .
*

C O M P O U N D FE ED P R O D U C T

A m m o n i a 5 .0 0  E -0 2 3 .7 0 E -O 2

H y d r o c y a n ic  a c i d 6 .0 0  E -0 2 3 .7 9 E -0 2

A m m o n i u m 1 2 2  E -02

C y a n id e 1 .21 E -0 2

H y d r o x id e 1.0 0 E -0 7 5 .6 0 E -0 5

H y d r o x o n iu m 1.0 0 E -0 7 1 .7 8 E -1 0  •_
-i

Figure 7.7 Weak acid/base solution.

These data can be validated using basic chemical principles. Firstly, Kw should 

equal lxlCH4 moPdrrr6 at equilibrium. The calculated value is 9.97x1 O'15 moPdm-6, 

the variation due to computational (rounding) errors inherent within the use of 

variables that can handle a limited range of values.

At equilibrium the hydrocyanic dissociation constant Ka should equal the 

component concentrations of reactants over products, or:

(H30*)(CN ) = 4 9 x 1 0 - i 0 m O | d  - 3

(HCN)
, (!.78 x lO '°)(l.21x10'“ ) 1Q_„ 3

(3.79x10 )

(Equation 7.1)

The difference between these two values demonstrates a limitation in the 

sensitivity of the iterations used to calculate the component concentrations. The 

s-shaped variation in component concentration first illustrated in Figure 4.4 

showed that as the equilibrium position is reached it becomes more sensitive to 

changes in component concentration. In this case the solution pH is calculated 

to be 9.74, and hence is very close to the pH value at the centre of the 

hydrocyanic acid / cyanide ion dissociation curve. The algorithms stops further
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iterations when the total change in solution composition across all equilibria is 

less than lxlO-^mol.drrr3. In this case the change in solution concentration 

required to reach the equilibrium point is less than this value.

The component concentrations of molecular and ionic ammonia can be 

validated in a similar manner. At equilibrium the ammonia dissociation constant 

K b  should equal the component concentrations of reactants over products, or:

Kb = (°!iM H Il = 1.8x,o - mol.dm-
(NH3) (Equation 7.2)

•••(1 '22 1 ■81xl0~°5mol.dm'3(3.78 x lO 02)

The greater accuracy of the algorithm when predicting these component 

concentrations is a function of the distance from the ammonia /  ammonium 

dissociation mid-point.

7.2.1.4 Sparing Solubility

Many compounds are considered by EPIGOLD to be only sparingly soluble. The 

active components form an equilibrium in solution independent of the mass of 

solid present. This equilibrium may change depending on the concentration of 

other components in solution. In particular the activity of metal hydroxides is 

dependent on the hydroxide concentration, and hence pH.

In order to validate this chemical model, five moles of sparingly soluble copper 

hydroxide was added to 1 litre of water at two different pH values. Solution A 

had an initial pH of 4 and solution B a pH of 10. The initial and calculated 

component concentrations and final pH values are given for each solution. All 

component values are given to three significant figures and are in mol.dm*3, 

apart from copper hydroxide which is in moles.
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Table 7.1 Copper hydroxide activity.

C o m p o n e n t In itia l A C a lc u la te d  A In itia l B C a lc u la te d  B

pH 4 9.99 10 10

C op p er hydroxide 5.00 5.00 5.00 5.00

Hydroxide 1.00x1 O'10 9.92x10 05 1.00x1 a04 1.00x1 O'04

Hydroxonium 1.00x1 O'04 l.O lxlO -10 l.OOxlO"10 1.00x10*10

CopperOO 0 9.96x1 (T05 0 2.40x1 O'11

These data show increased activity of copper hydroxide in solution A over 

solution B, illustrated by the greater copper(ll) concentration for solution A. In this 

case these changes are due to the initial solution pH. At a lower value the initial 

concentration of hydroxide ions is very low, causing a greater quantity of copper 

hydroxide to dissolve -  the essence of acid rock drainage that contains mobile 

metal species. However the dissolution itself causes a rise in pH with the release 

of hydroxide ions. This large change in pH is due to the lack of any other 

compounds present in solution (for example, a weak acid) that buffers the 

release of hydroxide ions. Hence the model calculates a  final pH value for 

solution A of 9.99.

7.2.1.5 Solubility of Gases in Solution

EPIGOLD assumes that gases form an equilibrium in solution governed by a 

constant given in the equilibrium data table. These data have been obtained 

from the literature for standard temperatures and pressures (STP); see Appendix I 

for the derivations.

Because the rate of dissolution and volatilisation is a function of the available 

surface area (for example the barren solution pond diameter) the rate of 

concentration equalisation may also change depending on the parameters 

used in the model. It is therefore important to check: (a) how the concentration 

of a particular gas in solution changes with time, and (b) how the rate of 

change alters for different parameters. The latter requires that two aspects of the
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model are validated. Firstly that the rate of change is consistent with the change 

in parameters; it would be expected that the rate would increase 7tr2 times the 

increase in the radius of the pond surface. Secondly that the numerical solution 

(Euler's improved method) is behaving correctly and that the step size is 

sufficiently small; a 'rule of thumb' proposed by Acheson (1998:45) is '...to keep 

halving the step size...until the results of successive computations, over a given 

time interval t; show no perceptible difference'.

Because in this example the equilibrium will be established with time and the 

starting concentrations are the same, the time taken for the system to reach 

equilibrium can be used as a first approximate check for the accuracy of the 

numerical solution. Table 7.2 shows the time taken for the concentration of a 

given gas to reach equilibrium in solution. The latter figure is 2.3x10-^mol.dnr3. At 

this point the surface area across which dissolution occurs is unimportant; it is the 

overall rate of change that is determined by these data.

Table 7.2 Time to end point.

Time step h /  seconds Time t /  hours

10000 1397.17

7200 1396.22

3600 1396.00

1800 1396.00

These data show that as the time step decreases the solution equilibrium is 

reached earlier. For the final two values the solution end-point is reached at 

approximately the same time -  during the 58th day. These data can be checked 

by plotting the solution concentration of the gas in question against time. The 

results are shown in Figure 7.8, which plots values for both h=3600 and h=1800 

seconds on the same axis. There are no perceptible differences between the 

two data sets, and therefore the time step is sufficiently small for this rate of 

change in component concentration.
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2 .5 E -0 5

2 .0 E -0 5

1 .5 E -0 5

3 6 0 0

1 8 0 0
1 .0 E -0 5

5 .0 E -0 6

0 .0 E + 0 0
•o

Time /  hours

Figure 7.8 Change in gas solution concentration with time.

Given the dependence of volatilisation and dissolution on the available surface 

area, a change in the rates of these processes would be expected with a 

change in the surface area. EPIGOLD expresses this as the surface area to 

volume ratio and two values were chosen to validate this component. The results 

are given in Figure 7.9.

2 .5 E -0 5

2 .0 E -0 5

1 .5 E -0 6

1 .0 E -0 5
 0.2

5 .0 E -0 6

0 .0 E + 0 0

CM CO

Time /  hours

Figure 7.9 Effect of surface area on the rate of dissolution.



229 RESULTS AND DISCUSSION

Two different surface area to volume ratios were chosen: 0.2 and 1. The higher 

number describes a shallow pond with a greater surface area relative to the 

pond volume. These data were generated using a pond containing 60m3 of 

solution, so when the ratio is 0.2 the surface area is only 12m2. In the latter case 

the surface area is 60m2. The graph in Figure 7.9 shows that for the greater ratio 

dissolution occurs more rapidly and the equilibrium concentration is reached 

sooner - after 189 hours - compared to the pond with the surface area to volume 

ratio of 0.2, where the gas solution concentration reached equilibrium after 945 

hours (approximately 78 days).

7.2.1.6 Reaction of Components in Solution

Aqueous reactions are a second component using differential equations to 

calculate changes in solution concentration with time. Given the first order 

dependence on the solution concentration of each component (or nm order for 

n reactants), the rate of reaction would be expected to change with the 

component concentration as well as with the rate constant.

These relationships were validated by monitoring a simulated reaction between 

two solution components A and B that combine to form a soluble product C. The 

reactants A and B combine in a 1:4 stoichiometric ratio at an arbitrary rate of 10 

mol2hour2. This means that the changes in solution concentration predicted by 

EPIGOLD should exhibit two characteristics: (a) a four-fold decrease in 

concentration of B over A, (b) a slowing of the overall rate of reaction as the 

reactant concentrations decrease.

The results from this experiment are given in Figure 7.10.
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Figure 7.10 Validation of reaction rate.

The initial concentrations of each component are given at t=0. At the start of the 

reaction there is a rapid decrease in the concentration of B, four times the 

decrease in concentration observed in component A. As the reaction 

progresses these changes are reflected in the increase in concentration of 

compound C. The predicted changes in concentration therefore fit the changes 

observed in the simulated reaction.

7.2.1.7 Reaction of Solid Components

The final component of EPIGOLD solution chemistry requiring validation concerns 

the rate of reaction of (mineral) solids. Although this is also dependent on 

component concentration, the differential equation used to model this process 

is complicated by the need to consider the total surface area of the solids. If the 

rate of reaction is assumed to be proportional to the available surface area of 

reactant, the shrinking core model discussed in Section 4.3.4 predicts a decrease 

in overall rate as the solids are used up and the available surface area 

decreases.
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It is important to confirm these assumptions by observing the changes in 

component concentration that occur during a simulated reaction between solid 

A and aqueous component B, resulting in the formation of aqueous component 

C. A decrease in the overall rate of reaction is envisaged given the 

dependence on both the surface area of A and the concentration of B. The 

significance of the latter can be determined by: (a) ensuring that component B 

remains in excess within the solution so that decreases in concentration do not 

significantly affect the rate, and (b) specifying different grain sizes and hence 

different initial surface area values for solid A.

The rates of reaction were observed for three different grain sizes, and the results 

are given in Figure 7.11.

Gransize/m

—  2.E-04

—  3.E-04

—  5.E-04

Time /  hours

Figure 7.11 Effect of grain diameter on reaction rate.

A clear effect on reaction rate can be seen with decreasing grain size. This is 

more pronounced as the grain size decreases, given that the change in surface 

area is inversely proportional to the square of a given change in grain diameter. 

For example, assume that 1kg of solid A is available for reaction, and has a
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density of 5 grammes.cnrr3. Table 7.3 gives the total initial surface area of the 

solid at each of the three grain sizes used in Figure 7.11.

Table 7.3 Grain size and total surface area.

Grain diameter /  m Total S A / m2

5x10-04 2.4

3x10-04 4

2x10-04 6

These data were calculated using formula from Section 4.3.4.1, and show the 

large increase in total surface area at small grain sizes. This explains the 

significant change in reaction rate observed in Figure 7.9.

7.2.2 Ore Mineralogy

While the type of mineral species present within the ore affects solution 

chemistry, the relative abundance of these species and the structure of the ore 

are accounted for by a second set of physical models within EPIGOLD. These 

concern the energy required to liberate values from the gangue matrix, and the 

separation efficiency of different mineral fractions. Prior to their use it is important 

to validate the component behaviour.

7.2.2.1 Ore Grindability

EPIGOLD uses the theory of comminution proposed by Bond (1952) to describe 

the relationship between ore mineralogy and the energy input required to 

reduce ore particles from a given feed size to a given product size. This 

empirically-derived model was introduced in Section 4.7.2 demonstrating the 

inverse square relationship that governs the energy input for varying feed and 

product sizes.

This model component was validated by calculating the energy input required 

to reduce ores of a known grindability from a given feed to a given product size. 

Two different grindability values were used, allowing the following two
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assumptions to be checked: (a) that the change (increase) in energy input 

accelerates with a reduction in product size, and (b) that a higher grindability 

value means that a higher overall energy input is required for comminution of 

the ore. Figure 7.12 shows the results of these calculations.

 13 k W h  p e r  short to n n e

 4 0 k W h  p e r  short to n n e

o

Product size /  m

Figure 7.12 Ore product size and energy input.

For each plot the difference in feed and product size is given by 0.5-x, where x is 

the value on the x axis. The energy input measured on the y axis is in MJ per 

metric tonne of ore. The Bond work index in Figure 7.12 is given in the legend.

For relatively small differences in feed and product sizes (up to 50 percent 

reduction in size) there is a slow increase in energy consumption. For example, at 

this product size approximately 1MJ of energy is required to grind 1000kg of ore 

with a Bond work index of 40kWh.short tonne-1. This is equivalent to less than one 

minute's operation of a machine using a 20kW motor (ignoring inefficiencies in 

the conversion of input energy within the motor into useful work). However, at 

small product sizes further decreases in the ore particle size cause significant 

increases in energy consumption; the same 1000kg of 40kWh.short tonne-1 ore
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then requires 15 minutes grinding31. This trend in energy consumption at small 

product sizes supports model assumptions and the inverse square law proposed 

in Bonds theory of comminution.

7.2.2.2 Gold Liberation

The ratio of ore particle size to gold grain size has an important bearing on the 

liberation of gold from ores defined within the EPIGOLD. The geometric model 

proposed by Wen et al (1996) and discussed in Section 4.4.3 uses these 

parameters to predict liberation of gold for different fracture modes; as the ratio 

decreases the model geometry predicts an increase in the gold grain surfaces 

exposed to lixiviants. Their model was modified for the purposes of this project to 

include a function for mineral porosity, in recognition of some ores where gold 

exposure is independent of this ratio. Hence there are three assumptions 

underpinning this model component: (a) the total fraction of gold exposed 

within a given ore increases as the comminution product size decreases, (b) for 

a given ore particle size and gold grain diameter this value is dependent on the 

fracture mode, with trans-granular yielding a lower value, and (c) as ore porosity 

increases the total fraction of gold exposed becomes increasingly independent 

of the ore particle size to gold grain ratio.

These assumptions were tested by plotting the total fraction of gold exposed for 

different ores over a range of product sizes. In the first experiment the gold grain 

size was kept constant but the fracture mode varied. In the second experiment 

the fracture mode was fixed but the mineral porosity varied, and in the third the 

gold grain size varied with constant fracture modes and mineral porosity.

31 It Is Important to note that the potential for error In these calculated values significantly Increases at 

small product sizes. Both the energy consumed during comminution and the efficiency with which 

gold Is leached from the comminuted ore are highly sensitive to changes In ore product size, making 

these errors significant when considering the assessment results for small product sizes.
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7.2.2.3 Effect of Fracture Mode on Gold Exposure

For the first validation experiment a range of product sizes were selected and 

the ratio of ore particle to gold grain diameters plotted on the x axis. The 

corresponding fraction of gold exposed at each ratio is illustrated in Figure 7.13.

 In tra

 Trans

o

Grain diameter ratio

Figure 7.13 Effect of fracture mode on gold exposure.

For large values of K (or large ore particle diameters) there is little exposure of the 

gold locked within the gangue matrix. The results show that exposure only 

increases significantly for finely ground ore. As the ratio approaches 50 (as would 

be expected for finely ground ore used in vat leaching where gold particles are 

approximately 50nm in diameter). At these ratios the fracture mode makes a 

significant difference in the fraction of gold exposed. Cleavage along grain 

boundaries occurring during intra-granular fracture exposes a greater fraction of 

gold than the equivalent trans-granular fracture. This can be seen in data for 

specific values of K given in Table 7.4.

Table 7.4 Gold exposure for three values of K.

K Intra /  percent Trans /  percent

40 14.26 7.31

30 18.70 9.67
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K Intra /  percent Trans /  percent

20 27.10 14.26

The final observation from this experiment concerns very low values of K, when 

the ore particle is of a similar size to the gold grain. These values are unlikely to 

occur in practice (over-grinding of the ore is energy-intensive and produces fines 

that are lost from the system), but it is interesting to see the data generated by 

Wen et al's model. These are given in Table 7.5.

Table 7.5 Exposure for extreme values of K.

K Intra /  percent Trans /  percent

5 78.4 48.8

2 100 87.5

1 200 100

0.5 2800 200

These data show a breakdown of the geometric model for some values of K. 

When K=1 (which would occur for ore particles the same diameter as the gold 

grains) the model predicts 200 percent exposure for intra-granular fracture. This 

value is also predicted for trans-granular fracture, although at a lower ratio -  in 

this case K=0.5. While these data do not necessarily invalidate the model, they 

indicate limitations in the model's application to gold exposure prediction. Within 

EPIGOLD this is corrected for by checking the calculated values and correcting 

them to 100 percent if the calculated exposure value exceeds this figure.

7.2.2.4 Effect of Mineral Porosity on Gold Exposure

In the second validation experiment the effect of mineral porosity on gold 

exposure was investigated. Two different ores were defined for the experiment: 

(a) a sulphide ore of low porosity, and (b) an oxidised ore of higher porosity. The 

fracture modes and grain size were fixed for both ores, and the corresponding 

fraction of gold exposed plotted for a range of ore particle diameters. The
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porosity value for each ore is given in the legend; the lower value, 0.1, 

corresponds to the sulphide ore. The results are illustrated in Figure 7.14.

c  7 0

— o.i 
 0 .4

O  3 0

o 20

Grain diameter ratio

Figure 7.14 Effect of mineral porosity on gold exposure.

These data show the effect of porosity as shifting the 'baseline' exposure fraction 

for each ore. This means that for larger ore sizes the majority of gold exposure 

occurs because of the porous gangue matrix rather than the particle size. At 

smaller ore particle diameters there is an increase in the fraction of gold 

exposed, corresponding with that predicted by Wen et al's geometric model. 

This effect is more noticeable for the sulphide ore with the lower porosity value, 

where a greater fraction of gold is initially locked within the non-porous gangue 

matrix.

Figure 7.14 supports empirical evidence offered by Wen et al (1996:221), and 

shows the importance of a porous ore in reducing the requirement for energy- 

intensive comminution. However, it should be noted that these data do not 

indicate anything about the rate of gold dissolution during leaching, which 

under some circumstances may be controlled by the rate of lixiviant diffusion 

into the ore particle (Box & Prosser, 1986:79). This is discussed further during the 

comparison of heap and vat leaching in Section 7.3.9.
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7.2.2.5 Effect of Grain Size on Gol d Exposure

In both of the previous sections the total fraction of gold exposed has been 

shown to be inversely proportional to the ratio of diameters of ore particle to 

gold grain. Although the degree of comminution determines the product size, 

variations in the mean gold grain diameter will also affect this ratio; as the gold 

grain diameter increases the ratio for a given ore product size will decrease and 

hence the fraction of gold exposed will increase.

This assumption was tested by plotting gold exposure for two ores with identical 

fracture modes and porosity, but containing gold grains with a different mean 

diameter. The results are given in Figure 7.15 with the mean gold grain diameters 

given in the legend.

o  5 0

 5 .0 0 E -0 4

 2 .0 0 E -0 4
O) 20

Ore particle diameter /  m

Figure 7.15 Effect of gold grain diameter on gold exposure.

The results confirm that, for larger gold grain sizes, the total fraction of gold 

exposed increases at a given ore particle diameter. However, these data are 

subject to important limitations concerning the dissemination and grade of gold 

within the ore. Firstly Wen et al's model assumes that gold grains are dispersed 

evenly throughout the gangue matrix. This is appropriate for some ore types 

where the gold occurs as a 'flour gold', or very small grains with even
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dissemination, but does not accurately represent the concentration of gold 

within mineral veins. Secondly, Wen et al assume a low overall gold grade, 

reducing the incidence of adjacent gold grains within the matrix. The latter 

would reduce gold exposure for a given grade, making the model over-estimate 

the fraction of leachable gold.

7.2.2.6 Separation Efficiency

Concentration of ore may be used to enhance recovery of gold from the ore, a 

process discussed in Section 4.7.3. The separation efficiency attained during 

concentration determines the fraction of gold that reports to the concentrate at 

a given grade, and the concentrate grade, the total mass fraction of gold 

contained with the concentrate itself. The properties of gold-containing ores 

discussed in Section 4.2 give some indication of the concentrate outputs; 

because the initial gold grade is so low, even small increases in the gold grade 

will mean that the tails will form the majority of the output. To produce a rich (for 

example, 2 percent gold) concentrate means that the tails will probably exceed 

99 percent of the total feed mass.

The behaviour of this model component can be validated by observing the 

composition of the concentrator feed and product. As the separation efficiency 

increases the mass of gold reporting to the tails would be expected to decrease. 

At 100 percent efficiency all the gold in the ore would be expected to report to 

the concentrate. Secondly, as the gold grade of the product increases the mass 

fractions of other minerals in the product would be expected to drop 

accordingly, so that at a grade of 100 percent there would be none of the 

gangue minerals present.

These assumptions were tested by defining an example ore (in this case a 

siliceous ore containing sulphide minerals) and observing the composition of tails 

and concentrate produced during processing for given separation efficiencies.
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Figure 7.16 shows the mineral mass proportions present in the example ore. While 

all these data are initially given as mass proportions, they have been selected so 

they add up to 100 percent. The values can therefore be given as mass 

fractions.

ORE M INERALOGY

O R E  N A M E TEST O R E

Grain si2e 1.50E-04 Mineral 1 Quartz M Proportion n 96) Values grade 1.00E-05

Work index 23 Mineral 2 Pyrite Proportion 3| Values grade 5.00E-04

Fracture m ode 0.55 Mineral 3 Chalcocite J  Proportion 1 Values grade t .00E-04

Mineral 4 (NONE) Proportion o| Values grade 0.00 E+00

Mineral 5 (NONE) j J  Proportion i 0| Values grade 0.00E+00

Rpcord; H  I - l [  l j  ► I H  !► »! o f  1

Figure 7.16 Example ore type.

Different gold grades have been specified for each mineral component. 

Although quartz forms the bulk of the ore, the gold is concentrated in the 

sulphide minerals.

In the two experiments the separation efficiency was varied for production of a 

fixed concentrate grade of 0.5 percent. All figures have been converted during 

calculations to kg, and show the processing of 100kg of run-of-mine ore. It can 

be seen that although the run-of-mine values reflect the mass proportions 

specified in the example ore, they do not match them exactly. This is because 

EPIGOLD takes into account the component densities of each mineral when 

calculating the data.

Figure 7.17 shows the composition of concentrate and tails produced from run- 

of-mine ore when the gold is recovered with an efficiency of 50 percent.
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x|

1 ORE COMPOSITION —

MINERAL RUN-OF-MINE CONCENTRATE TAILS

Arsenopyrite

Calcite

Chalcocite 2.1 IE+00 2.1 IE-04 2.11 E+00

Chalcopyrite

Cuprite

Haematite

Millerite

Nickel oxide

Pyrite 5.55E+00 2.78E-03 5.55E+00

Quartz 9.23E+01 9.23E-04 9.23E+01

Smithsonite

Sphalerite

Zincite

Gold 3.94E-04 I.95E-05 1.95E-05
—

Figure 7.17 0.5 percent concentrate at 50 percent SE.

The initial mineral masses are given in the left hand column and the products of 

concentration in the two right hand columns. The equal distribution of gold in the 

concentrate and tails is a function of the separation efficiency. However, the 

mass fraction of gold in each stream is not equal, indicated by the following 

data:

Table 7.6 Gold mass fractions at 50 percent SE.

Fraction Gold mass fraction /  percent

Run-of-mine 3.94x1 O'04

Concentrate 0.49

Tails 1.95x1 O'05

From an initial value of 3.94x10-04 percent, the mass fraction of gold in the 

concentrate has risen to 0.49 percent. This means that the calculated data 

matches the inputs specified (allowing for rounding errors) and therefore is 

behaving correctly. The mass fraction of gold in the tails has now fallen to below 

the run-of-mine grade.
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In the second experiment an extreme value was specified for comparison with 

data calculated above. The same ore was processed with a separation 

efficiency of 100 percent and the same specified concentrate grade. In 

practice this efficiency is very unlikely, but allows the model to be validated by 

checking the product composition. For these parameters all the gold would be 

expected to report to the concentrate. Figure 7.18 gives the composition of 

concentrate and tails.

■ ■ ■ ■ ■ I ■ ■ ■ ■ ■ ■ ^i£jxl|
ORE COMPOSITION
MINERAL RUN-OF-MINE CONCENTRATE TAILS

Arsenopyrite

Calcite

j Chalcocite 2.11 E+00 4.22E-04 2.11 E+00

Chalcopyrite

Cuprite

Haematite

Millerite

Nickel oxide

Pyrite 5.55 E+00 5.55E-03 5 ,54 E+00

Quartz 9.23E+01 1 .B5E-03 9.23E+01

Smithsonite

Sphalerite

Zincite

] Gold 3.94E-04 3.9 IE-05 0.00 E+00

,
1 A

Figure 7.18 0.5 percent concentrate at 100 percent SE.

The figure in the bottom right hand corner - the mass of gold reporting to the 

concentrate -  has been calculated as zero. This is as expected at this separation 

efficiency, indicating correct behaviour of the model component. The total mass 

of concentrate produced from 100kg of ore has shown a corresponding 

increase; the mass of gold in the concentrate still equals approximately 0.5 

percent.
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7.3 EPIGOLD Results

The hierarchical model first introduced in Section 3.2 split the EPIGOLD system 

into five levels. The first -  ore mineralogy -  is represented by a series of physical 

and chemical models describing the properties of the ore and the recovery of 

gold from the minerals. Unit process operations described at the second level 

control the parameters used as inputs for these models. While the former can be 

validated by comparison with empirical behaviour described In the literature, 

this is not possible with the second and subsequent model levels. Because each 

level is represented by additional conceptual models, the data generated by 

their simulation is unique to EPIGOLD and the specific inputs selected by the user.

EPIGOLD results will therefore concentrate on the simulation of unit processes 

and the generation of environmental assessment data that can be used to 

predict the BEO for a given range of unit process and lixiviant combinations. 

Each combination is based on typical process routes used to recover gold; their 

description in the following sections precedes generation of data from each 

system component.

7.3.1 Process Choice

For the purposes of this project ten process and lixiviant combinations were 

chosen from which data has been generated. These selections have been 

narrowed down from the large number of possible combinations offered by the 

EPIGOLD system, and use unit processes representative of those in operation at 

actual gold mines. Table 7.7 and Table 7.8 give the process and lixiviant 

combinations chosen for each experimental option.
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Table 7.7 Experiment matrix, first section.

ORE TYPE LIXIVIANT

# NORMAL SULPHIDE OXIDE CYANIDE THIOSULPHATE

1 ✓ ✓

2 ✓ ✓

3 s ✓

4 s ✓

5 ✓ ✓

6 ✓ ✓

7 ✓ ✓

8 ✓ ✓

9 ✓ ✓

10 ✓ ✓

Table 7.8 Experiment matrix, second section.

PRETREATMENT LEACHING EFFLUENT TREATMENT

# BIOX ROAST VAT HEAP INCO CYANISORB DEGUSSA

1 ✓

2 ✓

3 ✓

4 s

5 ✓

6 ✓

7 ✓ ✓

8 ✓ ✓ ✓

9 ✓ ✓ ✓

10 ✓ ✓ S
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Three ore types are used in the matrix, and of these sulphide ores feature 

predominantly. Section 4.4.2 discussed how sulphide minerals such as 

arsenopyrite and pyrite are commonly associated with gold-bearing ores; the 

two pre-treatment options included have been developed to treat this ore type 

and require separate experiments to determine their effect on system 

environmental performance. The other two mineral types are used to investigate 

the effect of changes in lixiviant and type of leaching process on gold recovery.

Unsurprisingly, the cyanide-based lixiviant is used in the majority of experiments, 

reflecting its widespread use throughout the industry. All three effluent treatment 

processes included here have been designed to treat cyanide-containing 

effluents, hence separate experiments are required to investigate each option. 

The one alternative considered here -  thiosulphate -  is compared with cyanide 

in a vat leach of untreated oxide ore, from which good rates of gold recovery 

can be expected under optimum conditions (see Section 4.8.3.3).

Experiment numbers are listed down the left hand edge of Table 7.7 and Table 

7.8 and the ore, lixiviant and unit operation names given along the top. Data on 

the different ore types and two lixiviants are common to each experiment; these 

are presented once and are discussed in the next section. The remaining data 

are presented in subsequent sections. It is important to note that units are given 

in the accompanying text, where required. This is because screenshots have 

been taken from the EPIGOLD software, which displays the units of each item of 

data clicked on in a separate window. Hence it was not possible to capture this 

information for each screenshot.

7.3.2 Ore Mineralogy

Three different ore types are used in the ten experiments, and these have been 

defined from data given in Appendix G. The majority constituent in each is 

quartz, but the proportions of the remaining minerals and dissemination of gold 

within these varies for each ore type.
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Data for the first - labelled as 'normal' -  is shown in Figure 7.19. This contains 

approximately average mass proportions of mineral species relative to the other 

ore types. The initial gold grade of each (expressed as a percentage) is given in 

the right hand column, indicating that the majority of the gold is found within the 

quartz fraction. This is significant when considering production of ore 

concentrate, which is discussed later.

ORE MINERALOGY
►

ORE NAME Normal

Grain size l.OOE-OSj Mineral 1 Quartz j  P roportion  9000J Values grade 3.00E-03

Work index 11.5 Mineral 2 C a lc ite J |  Proportion  500 Values grade 0.00 E+00

Fracture m o d e  [_ 0.5i Mineral 3 Pyrite j |  P roportion  70] Values grade 5.00E-03

Mineral 4 Smithsonite £ |  P roportion 60 Values grade 0.00E+00

Mineral 5 Sphalerite J [  Proportion  10 Values grade 1 .OOE-05

Record: _HJ_J | A k i t a l * ’  . ■ ■ ■ ■

Figure 7.19 Normal ore type.

The second ore type - referred to here as 'oxide' -  contains elevated mass 

proportions of the oxide minerals smithsonite and zincite; these data are 

illustrated in Figure 7.20. More significantly, gold is disseminated throughout these 

minerals, with only a small proportion found within pyrite present in the ore.

ORE MINERALOGY
/

ORE NAME Oxide

Grain size I.O0E-O5 Mineral ! Quartz j [  P roportion 9000 Values grade 4.00E-03

Work index 20.3 M ineral 2 [Calcite J |  P roportion 800 Values grade O.OOE+OO

Frocture m ode  0.5 Mineral 3 Pyrite J |  P roportion 20 Values g rade  1 .OOE-06

Mineral 4 ^Smithsonite P roportion 70 Values g rade  2.00E-03

Mineral 5 jzincite P roportion 50 Values grade 1.00E-O4)

Record: J U U I  2 of 3

Figure 7.20 Oxide ore type.

The final ore type - labelled here as 'sulphide' -  contains pyrite, arsenopyrite and 

sphalerite with the majority of the gold found associated with these minerals. In 

contrast to the 'normal' ore type only a small fraction of the total mass of gold 

per unit mass of ore is contained within the quartz fraction. These data are shown 

in Figure 7.21.



247 RESULTS AND DISCUSSION

ORE MINERALOGY

► ORE NAME Sulphide

Grain size 1.00E-05 Mineral 1 Quartz J  Proportion 9000 Values g rade 1.00E-06

Work index ( 25] Mineral 2 [Calcite JH Proportion 300. Values g rade 0.00E+00

Fracture m o d e  0.2) Mineral 3 IPyrite | |  P roportion 200 Values g rade  5.00E-03i

Mineral 4 Arsenopyrite M  Proportion 50 Values g rade  1 .OOE-C3

Mineral 5 jSphalerite J |  Proportion 10. Values g rade  1.00E-06

Record: u  I < 11 :■ ► 1 »i l> *l of 3

Figure 7.21 Sulphide ore type.

The mass (in grammes per kg) of the minority mineral species for each ore type 

at run-of-mine (before any processing has been carried out) is summarised in 

Figure 7.22. The single largest minority mass fraction in each ore type is calcite 

(calcium is an abundant metal), and after that the masses of each mineral 

species vary as a function of the ore type.
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Figure 7.22 Composition of minority mineral species at run-of-mine.

The next three figures show a second aspect of ore mineralogy influenced by 

the presence or absence of these mineral species. Section 4.4 demonstrated 

how gold exposure is dependent on: (a) the ratio of ore particle to gold grain 

size, (b) the pattern of gold dissemination, and (c) the relative porosity of each 

mineral species. Given that in run-of-mine ore the particle size is typically very 

large (assumed here to be -lm ) the fraction of gold exposed by comminution 

would be expected to be very low.
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In each figure gold exposure is calculated for run-of-mine ore and ore crushed 

for processing via a heap leach (to 0.07m). In each case the majority of gold is 

exposed because it is contained in porous mineral fractions.

Figure 7.23 shows the calculated exposure value for the normal ore type. The 

high value of 72.12 percent has been calculated because of the natural porosity 

of the oxide host minerals. Although the majority of gold is exposed at these ore 

particle sizes, this does not indicate the ease with which gold can be recovered 

by leaching; models including that proposed by Box & Prosser (1986) calculate 

the rate of mineral dissolution as a function of diffusion distance; in this case the 

rate of diffusion would be expected to be very low.

HMM *J
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 72.11 0.00 72.11

Ground ore 72.12 0.01 72.11

Figure 7.23 Untreated normal-type exposure at 0.07m.

Similar values (given in Figure 7.24) are obtained for the oxide ore type; the small 

variation between these is expected given the difference in gold dissemination 

between the two ore types.

X]

GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 70.97 0.00 70.97

Ground ore 70.98 0.01 70.97
i

Figure 7.24 Untreated oxide-type exposure at 0.07m.

A very large reduction in gold exposure is observed for the sulphide ore type, 

shown in Figure 7.25.
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■ ■ ■ ■ ■ *1
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 0.70 0.00 0.70

Ground ore 0.70 0.00 0.70

Figure 7.25 Untreated sulphide-type exposure at 0.07m.

This has occurred because of the difference in gold dissemination; sulphide 

minerais are relatively impervious to percolating solutions compared to their 

oxide counterparts. Hence EPIGOLD predicts very limited success if this ore type 

was leached at large particle sizes and without treatment.

7.3.2.1 Ore Concentrate

Finely ground ore may be concentrated by processes that distinguish between 

the chemical and physical properties exhibited by each mineral species. If 

testing of the ore reveals the majority of gold is associated with one or two 

mineral species, these can be separated from the gangue to improve the 

concentrate grade. This can improve both the fraction of gold recovered during 

leaching, and the time taken to recover this fraction.

The concentrate grade for a vat leach can be specified in EPIGOLD. The mass 

fractions for a concentrate with a gold grade of 0.5 percent by mass are given 

in Figure 7.26. For each ore type the mineral species containing the majority of 

the gold predominates in the concentrate.
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Figure 7.26 Composition of 0.5 percent untreated concentrate.

Changes would therefore be expected in the fraction of gold exposed in the 

concentrate. Firstly the mean particle size of the concentrate is much smaller (a 

product size of 2xl0-°4m representative of that used in vat leach slurries) and 

secondly the mass fractions of each mineral species have changed.

Figure 7.27 shows the gold exposure values for the normal ore type obtained at 

three points within the processing: (a) at run-of-mine before comminution, (b) 

after the ore has been comminuted, and (c) after the ore has been 

concentrated. An improvement is observed across all three stages, with 

comminution enhancing gold exposure. The final value of 80.03 percent is (as 

expected) higher than that obtained for the equivalent ore ground to 0.07m.

■ ■ ■ ■ W  J5l
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 72.11 0.00 72.11

Ground ore 75.84 3.73 72.11

Concentrate 80.03 3.94 76.08

Figure 7.27 Untreated normal concentrate exposure at 2xl0'04m.
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A similar pattern is observed for the oxide ore type, with comminution 

contributing to gold exposure and a higher final value of 82.93 percent of the 

gold exposed in the concentrate. These data are illustrated in Figure 7.28.

x]
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 70.97 0.00 70.97

Ground ore 74.64 3.67 70.97

Concentrate 82.93 4.08 78.85

Figure 7.28 Untreated oxide concentrate exposure at 2xl0-°4m.

Once again a significant difference is observed between these and the sulphide 

ore type, whose exposure data are shown in Figure 7.29

■ ■ ■ X]

GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 0.70 0.00 0.70

Ground ore 1.28 0.58 0.70

Concentrate 22.25 13.40 8.85

Figure 7.29 Untreated sulphide concentrate exposure at 2xl0-°4m.

In the sulphide concentrate comminution accounts for the majority of gold 

exposed, with ore porosity only responsible for 8.85 percent of the final exposure 

value of 22.25 percent. Therefore although comminution and concentration has 

improved the mass fraction of gold available, this figure is still very low compared 

to the other ore types. Leaching of the concentrate as it stands would therefore 

meet with limited success.

7.3.3 Comminution Power Input

The comminution of all three ores is carried out in EPIGOLD by three processes, 

illustrated in Figure 7.30. Various parameters are used to define the functioning of 

each process. The feed and product sizes refer to the maximum and minimum 

ore particle diameters that may be accepted by the machine (in metres). BD
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refers to the bulk density of the ground product (dimensionless), BE the Bond 

Efficiency relative to the energy input calculated by the ore Bond work index, 

and ME the mechanical efficiency of the machine used to drive the 

comminution machinery. The power source refers to energy production defined 

elsewhere in the database.

A particular component is only used if the specified ore product size is less than 

the maximum feed size of the machine. Hence only the primary and secondary 

crushers are used to comminute ore for heap leaching, while all three are used 

in the production of ground concentrate that will be vat leached.

1 ■ ■ ■ ■ ■ ■ ■ H i x j

COMMINUTION ■*

P ro c e s s  n a m e F e e d P ro d u c t BD BE ME P o w e r  s o u rc e
> Piimaiy ciushei 1 0.1 0.6 100 70 Diesel *

Secondary crusher 0.1 ] [ 0.05 0.8 100 80 [ |UK Grid M--
Ball mill 0.05 _0.0002 0.92 85 UK Grid M 3

[R ecord: n |  < l l  1 ► 1 H  1 1 of 3

Figure 7.30 Comminution process parameters.

The required power input per kg of ore for ore crushed to -0.07m is illustrated in 

Figure 7.31. Although the power input has been shown in Section 4.7.1 to 

increase as a function of 5/3 of the total size reduction achieved, the majority of 

power input is required by the primary crusher at this grind size. This is because 

the product size is only slightly less than the feed size of the secondary crusher, 

and hence little work is done by this machine. The variation between the three 

ore types is a function of the Bond work index specified initially for each ore. The 

sulphide ore with a Bond work index of 25kWh.short tonne-1 requires the greatest 

energy input per kg.
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Figure 7.31 Power input for ore crushed to 0.07m.

Ore ground for concentration requires power input for all three processes in 

order to reach the specified grind size of 2xl0-°4m, and these data are illustrated 

in Figure 7.32.
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Figure 7.32 Power input for ore ground to 2xl0-°4m.

The 5/3 power law is evident here in the large difference in energy input 

between the primary and secondary crushers, and the ball mill, even though the
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latter is responsible for a relatively small decrease in particle size. This additional 

energy cost associated with the production of a finely ground ore adversely 

affects the emissions produced by the combustion of fossil fuels.

7.3.4 BIOX Treatment

The data presented in Figure 7.29 showed how gold exposure is reduced when it 

is locked within non-porous mineral fractions, even when the grind size is 

relatively small. In these cases pre-treatment can be used to enhance gold 

exposure, by chemically altering the composition of the concentrate.

Figure 7.33 shows the feed and products calculated for the sulphide ore treated 

using the BIOX bacterial oxidation process, the first of two pre-treatment 

processes included in the EPIGOLD system.

9 0

8 0

7 0

■ Feed
■ Concentrate 
□  Tails

Component

Figure 7.33 BIOX feed and products for the sulphide concentrate.

These data have been converted into percent content by mass for each stream. 

Inputs added during pre-treatment are also included; oxygen consumed during 

the oxidation process and calcium carbonate to neutralise the effluent. The 

figure shows how a feed containing arsenopyrite and pyrite is successfully
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oxidised to product a product containing the liberated gold and quartz. This is 

because the process dissolves the sulphide minerals, precipitating these as ferric 

arsenate, ferric hydroxide and ferric sulphate. Hence the unreactive minerals (in 

this case quartz) form the bulk of the treated concentrate. The change in gold 

exposure in the treated concentrated is illustrated in Figure 7.34.

■ ■ ■ mmm
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 0.70 0.00 0.70

Ground ore 1.28 0.58 0.70

Concentrate 22.25 13.40 8.85

Treated Concentrate 65.11 0.02 65.09

Figure 7.34 BlOX-treated sulphide concentrate exposure at 2xl0-°4m.

The value has now increased from 22.25 to 65.11 percent, greatly enhancing the 

fraction of gold that can be recovered during leaching. Before treatment the 

majority of the gold was exposed by comminution; in the treated product this 

has changed so that the mineralogy of the product is principally responsible for 

gold exposure.

7.3.5 Treatment by Roasting

The second pre-treatment option investigated was roasting. This increases gold 

exposure by the thermal oxidation of sulphide minerals. The same feed used for 

the BIOX process was specified here, and the percent composition by mass of 

the three process streams is illustrated in Figure 7.35.
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Figure 7.35 Roasting feed and products for the sulphide concentrate. 

During roasting the sulphide minerals are oxidised so that the two major 

constituents -  arsenopyrite and pyrite - are oxidised producing haematite. 

Oxygen is again required as an input and the two off-gases produced are 

sulphur dioxide and arsenic trioxide. These emissions have implications for some 

of the environmental effects considered by EPIGOLD; effects data are presented 

for each experimental option considered in the following sections.

Figure 7.36 shows the new exposure data calculated for the roasted 

concentrate. Total gold exposure has now increased to nearly 80 percent and 

again this has been caused by increases in the mineral porosity.

x]
GOLD EXPOSURE
COMPONENT EXPOSURE COMMINUTION POROSITY

Run-of-mine 0.70 0.00 0.70

Ground ore 1.28 0.58 0.70

Concentrate 22.25 13.40 8.85

Treated Concentrate 79.88 0.00 79.88

Figure 7.36 Roasted sulphide concentrate exposure at 2xl0-°4m.

It is interesting to note that this value is higher than that for the BIOX process, 

even though the former liberates gold from the ore by dissolving sulphide
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constituents. This is because the EPIGOLD model representing ore mineralogy 

does not account for the gold fraction liberated from the gangue minerals. This 

limitation is discussed further in the project conclusions.

7.3.6 Uxiviant Makeup

The two lixiviants defined for EPIGOLD -  cyanide and thiosulphate -  require a  

number of chemical components. This is referred to here as solution make-up. 

The conceptual models governing chemical activity are applied to these 

solutions to determine the initial (product) concentrations of each component in 

the lixiviant.

Table 7.9 gives the feed and production composition of the lixiviant cyanide. 

Sodium cyanide is used as the source of the cyanide anion, and to this sodium 

hydroxide is added to ensure the solution remains alkaline - hence suppressing 

the formation of hydrocyanic acid. Formation of the latter would pose a  

significant heath and safety risk for leach operators. The calculated product 

concentrations show that the majority of cyanide is present in the ionic rather 

than molecular form, and the hydroxonium concentration indicates an initial pH 

of 1 2 .

Table 7.9 Initial composition of the lixiviant cyanide.

Component Feed /  mol. dm-3 Product /  mol. dm-3

Sodium cyanide 0 .2

Soduim hydroxide 0.5

Cyanide 0 .2

Hydrocyanic acid 7.64x10-06

Hydroxide lxlO -04 0.5

Hydroxonium lxl O-10 2 x l0 * 12

SodiumO) 0 . 2

The feed and product concentrations for the lixiviant thiosulphate are shown in 

Table 7.10.
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Table 7.10 Thiosulphate lixiviant makeup.

Component Feed /  mol.dmr3 Product /  mol. dm-3

Ammonia 2.04 2.03

Ammonium 5.99x10-03

Copper sulphate 0.08

Copper(ll) 0.08

Hydrogen sulphate 5.47x10-12

Hydroxide 1 .0 0 x 10 -04 1.0 lx l O'07

Hydroxonium 1 .0 0 x 10 ’ 10 9.92x10-08

Sodium thiosulphate 0.15

Sodium(l) 0.3

Sulphate(ll) 0.08

Thiosulphate 0.15

This lixiviant is typically used at a neutral to slightly alkaline pH, and the 

calculated product pH is 7.03. Sodium thiosulphate is used as the source of 

thiosulphate, and copper sulphate added to promote gold dissolution. 

Ammonia is added to maintain the required pH.

7.3.7 Lixiviant Choice

EPIGOLD assesses the environmental performance of the two lixiviants outlined in 

the previous section by using both to vat leach the oxide ore type. This ore 

contains the highest mass fraction of porous and therefore easy to leach mineral 

components. Presentation of data gathered during the simulation of 

experimental options # 1 and # 2  precedes graphs showing any differences in 

assessment scores for the two options.

7.3.7.1 Cyanide Vat Leach of Oxi de Ore

The first experiment uses the lixiviant cyanide to leach oxide ore ground to 2x10- 

wm and concentrated so that gold is present at 0.5 percent by mass. The 

parameters used to define the vat leach 'Cortez' are given in Figure 7.37; these
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are based on data presented for the South American Cortez gold mine by 

Powell (1999:19).

m
VAT LEACHING

Record: 111 4

40

Process n a m e  Cortez CIL

Solids fraction 

Grind size 

Recover/

Grade

2.00E-04

70

5.00E-01

Retention
Reactor

Lixiviant

Input

Power

*Ti[| ► I h of 2

38
50000

Cyanide

5.25

lUK Grid

Figure 7.37 Cortez vat leach parameters.

The process uses a slurry containing 40 percent solids, which is agitated in the 

reactor by air spargers for 38 hours. The reactor volume is set to 5x10+04 litres and 

the input for slurry agitation is b^SkW.hour1.

7.3.7.2 Vat Leach Results

The following results were obtained for the vat leach. Figure 7.38 shows the 

leaching progress in terms of the total mass of gold leached from the ore. Over 

70 percent of the gold has been leached successfully after 38 hours, although 

the leaching rate slows toward the end of the leaching period as the remaining 

mass (and therefore effective surface area) of gold decreases.
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Figure 7.38 Percent gold dissolution in the # 1 vat leach.

The change in rate of gold dissolution is reflected in plots of the change in 

component mass of both cyanide and the leaching product, aurocyanide, in 

the reactor. These data are shown in Figure 7.39 and Figure 7.40.
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Figure 7.39 Change in cyanide component mass.
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Figure 7.40 Change in aurocyanide component mass.

The final feed and product component masses of these (and other slurry 

constituents) are listed in Table 7.11. The data show how the slurry composition 

changes during the time it is retained in the reactor. Some components are 

considered by EPIGOLD to be unreactive and hence there is no change in 

component mass during leaching. These include quartz and sodium, a product 

of the sodium cyanide addition during lixiviant makeup. Other components 

change in mass as they react. As well as gold this category includes active 

mineral components such as pyrite, which reacts with the lixiviant to form 

hexacyanoferrate, iron(ll) and hydrogen sulphide.
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Table 7.11 Leach feed and products for experiment # 1.

Component Feed /  moles Product /  moles

Aurocyanide 0 . 0 2

Carbon dioxide 7.46x10-11

Carbonate 2.76x10+(M

Carbonic acid 2.26x1 O'08

Cyanide 6 .0 0 x1 0 “ 5.59x10+03

Ferrous hydroxide 6.78x10^7

Iron(ll) 3.1 IxlO - 10

Gold 0.03 0.72

Hexacyanoferrate 0.48

Hydrocyanic acid 0.23 0.37

Hydrogen carbonate 1.55

Hydrogen sulphide 9.53x10-09

Hydroxide 1.50xl0+04 9.48x10+03

Hydroxonium 6 .0 0 x10 *10 9.50x10*10

Oxygen 0.69

Pyrite 0.48

Quartz 8.92x10+05 8.92x10+05

Smithsonite 2.76x10+03 0

SodlumO) 2 .1 0 x l0 +04 2 .1 0 x10+04

Sulphide(ll) 0.96

Thiocyanate 2.31X10-04

Zinc hydroxide 2.76x10+03

Zinc hydroxo 1.17xl0-10

Zinc(ll) 6.30x10-12

Zincite 0 .2 0 . 2

The soluble part of this effluent passes to the impoundment and further changes 

are described in the next section. Tables showing the reactor feed and product 

composition for each experimental option listed in Table 7.7 are given in 

Appendix L.
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7.3.7.3 Natural Attenuation

In experiment # 1 the leach effluent passes to a holding pond exposed to the 

atmosphere where it is retained for 150 days. The pond has a surface area to 

volume ratio of 1, a value which is significant for mechanisms that rely on the 

transfer of compounds across the pond surface into or from the atmosphere.

Figure 7.41 shows the calculated changes in pH that occur during this period.

10 -

Xa

0  7 14 2 0  2 7  3 4  41 4 8  5 5  6 2  6 8  75  82  89  9 6  102 109 116 123 130 137 144

Time /  days

Figure 7.41 Change in pH in the # 1 pond.

A gradual reduction in pH is observed during the initial 100 days, and then there 

is a pattern of variation that occurs between pH values 8 and 6 (although the 

continuing trend indicates further reductions in pH). This is due to the dissolution 

of carbon dioxide in the pond water, forming carbonic acid which dissociates 

producing hydroxonium cations -  a process that is confirmed by the graphs 

plotted later in this section.

The 'noise' or series of spikes observed in Figure 7.41 are caused by an interesting 

limitation of the model components representing weak acid and base equilibria. 

This part of the EPIGOLD tool calculates changes based on a relative rather than 

absolute difference in the component concentrations. It then uses the 

component fractions calculated to determine the actual concentration. When
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the equilibrium point for a given acid or base is reached (in this case cyanide / 

hydrocyanic acid) a very small change in pH can trigger a very large change in 

the values calculated for each component fraction. A tolerance variable 

prevents pH changes being calculated that exceed the variable handling 

capacity of the software, and in this case this tolerance has introduced 

inaccuracies in the pH caiculations. These limitations are discussed further in the 

conclusions.

The effect of the change in pH can be examined by plotting the pH-sensitive 

components present in the leach effluent. Figure 7.42 shows the change in 

cyanide concentration occurring during this period.
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Figure 7.42 Change in cyanide concentration.

From an initial peak of more than 0.18mol.dnrv3, the concentration drops to less 

than O.Olmol.drrr3 in approximately 65 days. Figure 7.43 shows the change in 

hydrocyanic acid concentration during the same period.
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Figure 7.43 Change in hydrocyanic concentration.

As the pH drops cyanide is converted to the molecular form (HCN(aq)), 

accelerating the rate of volatilisation of this component. The volatilisation rate 

reaches a peak after 16 days, and then decreases with the reduction in 

concentration, so that after 87 days the mean concentration is less than 

SxlO-^mol.dm*3.

Figure 7.44 shows the change in carbon dioxide concentration responsible for 

the change in pH. The concentration remains fairly constant during the first 100 

days as it is converted into carbonic acid, and then hydrogen carbonate and 

carbonate anions. When equilibria are established with the latter, a steady 

increase in the solution concentration of carbonic dioxide is observed. The 

solution equilibrium for this compound would be established sometime after the 

period of observation.
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Figure 7.44 Change in carbon dioxide concentration.
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Figure 7.45 Change in hydrogen carbonate concentration.

As carbon dioxide is converted into carbonic acid, equilibria are formed 

between the latter, hydrogen carbonate (see Figure 7.45) and carbonate (see 

Figure 7.46). Initially hydrogen carbonate is formed preferentially at the higher 

pH; as this drops there is an increase in the concentration of carbonate anions.
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Figure 7.46 Change in carbonate concentration.

Table 7.12 lists the changes in feed and product component mass for the pond 

over the period of simulation.

Table 7.12 Pond feed and products for experiment # 1.

Component Feed /  moles Product /  moles

Carbon dioxide 7.46x10*11 0.13

Carbonate 2.76x10+°3 0.01

Carbonic acid 2.26x1 O’08 2.99x10+03

Cyanide 5.59x10+03 3.88x10-09

Iron(ll) 3.1 lx lO '10 1.07x10-06

Hexacyanoferrate 0.48 3.10x10'11

Hydrocyanic acid 0.37 5.40x10-0®

Hydrogen carbonate 1.55 1.08xl0+04

Hydrogen sulphide 9.53x10-09 9.53x10-09

Hydroxide 9.48x10+03 0.02

Hydroxonium 9.50x10-10 3.91X10-04

Oxygen 0.69 0.69

Sodium(l) 2.10xl0+04 2.10xl0+04

Sulphide(ll) 0.96 0.95

Thiocyanate 2.31X10-04 4.53x10-0®

Zinc hydroxo 1.17x10*10 1.17xl0-10
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Component Feed /  moles Product /  moles

Zinc(ll) 6.30x10-12 6.30x1 CH2

Decreases in the component mass of cyanide and hydrocyanic acid can be 

observed, and also hexacyanoferrate, produced during leaching as pyrite 

reacted with the lixiviant. Data calculated for the ponds in each of the 

experiment options is given in Appendix L.

7.3.7.4 System-level Materials, Energy and Environmental Effects

The materials and energy exchanges across the system boundary are recorded 

by EPIGOLD, and used to calculate the system burdens and environmental 

effects. Table 7.13 gives a mass balance of the system; mass balances for the 

other nine experiment options are given in Appendix L.

Table 7.13 System mass balance for option # 1.

Component Inputs/kg Outputs /k g

TOTAL CONCENTRATE INPUT 43.4

TOTAL. LEACHED ORE OUTPUT 43.1

Calcite 139 139

Carbon dioxide 1.7

Carbon monoxide 7.28x1a03

Carbonate 6.56x1a03

Carbonic acid 0.15

Cyanide 0.13

lron(ll) 4.81x1a11

Hexacyanoferrate 8.15X1005

Hydrocyanic acid 4.98x1a06

Hydrogen carbonate 0.53

Hydrogen sulphide 2.54x10 13

Hydroxide 0.21

Hydroxonium 9.18xl015

Methanal 3.30x1a03

Methane 6.43x1004

Nitric oxide 8.34X1003
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Component Inputs /  kg Outputs /  kg

Nitrogen dioxide 8.34x10 03

Oxygen 1.78x10^

Particulates 2.10X1003

Pyrlte 1.83x1 O'03 1.78x10^

Quartz 1.71X10+03 1 .71x10^

Smithsonlte 1 1 .0 1 0 .8

SodlumO) 0.39

Sulphide(ll) 2.45x10 05

Sulphur dioxide 0.04

Thiocyanate 2 .1 2x1 a07

Zinc hydroxo 1.10x1 O'14

Zinc(ll) 3.31xl0-16

Zincite 0.51 0.51

These data differ from those presented in the previous tables for the leach and 

pond components in a number of important ways. Firstly all the values are 

adjusted with respect to the system function unit: troy ounces of gold recovered. 

The first two entries in the table show the mass of ore entering the vat and the 

mass of spent ore per troy ounce recovered during leaching. This is a useful 

indication of process performance, for as this decreases these two values will 

increase. The same applies to all of the other inputs and outputs listed in the 

table. The mass of each will increase as the number of troy ounces of gold 

recovered during leaching decreases.

The second difference concerns the calculation of the ore component masses, 

which depend on the different mass fractions before and after concentration. 

This does not affect heap leaching, which in EPIGOLD uses run-of-mine ore, but 

in vat leaching can change some of the data values presented In the system 

mass balance. For example in Table 7.13 there is a large value given for quartz. 

This is because the majority of this mineral is discarded during concentration as its 

gold grade is low relative to the other mineral constituents in the normal ore
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type, and hence the mass fraction of quartz in the concentrate is much less. This 

can have an effect on the calculated NCV scores when the mineral component 

may act as either an acid buffer or a potential producer of acid rock drainage; 

in this case quartz has no effect on the NCV scores because it is considered by 

EPIGOLD to be unreactive.

The third difference in Table 7.13 concerns the calculation of gaseous emissions. 

These depend on; (a) the total power demand of each operation, and (b) the 

mass of ore processed per troy ounce by the unit operation. This means that, 

although primary crushing actually uses less energy per kg of ore than the vat 

leach (see Figure 7.47 below), because the majority of ore crushed is discarded 

during concentration the effective power consumption during crushing per troy 

ounce is actually much greater than the vat leach.

Figure 7.47 shows the power consumption per kg of ore processed per unit 

operation.

5.E-02

5.E-02 -

4.E-02 -

4.E-02 -

g> 3.E-02 -

3.E-Q2 -—>
2 2.E-Q2 -

2.E-Q2 -

1.E-02 -

5.E-03 -

0.E+00 -
Ball mill Cortez CIL Primary crusher

Component
Secondary crusher

Figure 7.47 Process power consumption for experiment # 1.

The data for the three comminution processes are dependent on the Bond work 

index of the ore, and the efficiency with which each process does useful work. 

The power input required by the Cortez leach is a function of the leach time, the 

capacity of the vat and the power input specified for the process. In this case
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the vat leach power input falls between the primary and secondary crushers 

and the ball mill.

Figure 7,48 shows the same data translated into gaseous emissions for these four 

processes.

SYSTEM, ENERGY EMISSIONS
PROCESS 0 0 2  CO cm 502 PM-IO NO N02

-

R-CHO

Primary crusher 0.63F-O5 4.97E-07 0J5OE+00 I.51E-07 1.62 E-07 I.15E06 I.15E-06 3.66 E-00

Secondary crusher 1.63E-06 6.76E-06 6.76E-09 4.30 E-07 I.92E-06 6.67E-08 6.67E08 3.39 E-08

Bali mill 8.76E-04 3.63E-06 3.63E-07 2.32E-05 1.03806 3.598-06 3.59E-06 1.83E-06

Corlez CIL 3.06E-04 I.26E-06 1.26E-07 8.06E-06 3.59807 I.25E-06 1.26E06 6.36 E-07 J

wm\

Figure 7.48 Gaseous emissions from power consumption for system # 1.

The power source specified in the data base and the emissions generated by 

that source are used here to calculate the emission per unit operation and per 

kg of ore processed in the system.

EPIGOLD uses the data presented in the previous two figures to calculate the 

environmental effects per troy ounce of gold recovered by the system. The tool 

calculates the mass of ore that needs to be leached to recover one troy ounce 

(given in Table 7.13), and then calculates the effects with respect to this value. 

Table 7.14 presents the results.

Table 7.14 Environmental effects for system # 1.

Component GWP PAQP AP NCV

Calcite 61.3

Carbon dioxide 1.7

Methanal 0.18

Methane 0.01 2.19x1 O'03

Nitric oxide 0.04

Nitrogen dioxide 0.02 0.02

Particulates 2.10x10^

Pyrite -1.30x10-
03

Smithsonite 3.77
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Component GWP PAQP AP NCV

Sulphur dioxide 0 . 0 2 0.04

Emissions generated by the system power demand generate three effects: (a) 

GWP, (b) PAQP and (c) AP. These values are adjusted with respect to the mass 

of ore leached per troy ounce of gold recovered, and the fractions of ore 

processed by each unit operation during the production of concentrate. For 

example, the mass of ore comminuted is much greater than that eventually 

entering the vat leach process because of the fraction that is discarded to the 

tails prior to leaching. Hence the emissions per kg given in Figure 7.48 are 

actually significantly less than the emissions per troy ounce for the same process.

This calculation is illustrated below.

gwpCQ2= x
(Equation 7.3)

where: GWPara is the total CO2 contribution to the GWP value;

Bnco2 is the CO2 burden generated by the power demand of unit 

process n per kg of ore processed;

M to  is the mass of ore leached per troy ounce of gold recovered; 

Mro<m is a  fraction representing run-of-mine ore entering the mill; 

Mconc is a fraction representing concentrate entering the leaching 

process.

The use of the terms IS/tootM and Mconc varies depending on the unit process in the 

calculations. For example, in EPIGOLD pre-treatment uses concentrate as the 

feed, so the ratio produced by these terms is smaller than that for the 

comminution processes.

In addition to the effects resulting from power generation, the table includes an 

NCV value for ore processed by the system. This is a composite value 

representing: (a) ore discarded as tailings during concentration prior to leaching 

and (b) spent ore that has been leached. The NCV value for calcite is higher
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than those for smithsonite and pyrite because of the relative abundance of this 

mineral species in the run-of-mine ore. This means that, overall, the NCV score is 

positive for the oxide ore, and therefore there is a net capacity for buffering 

acidic precipitation.

The second environmental effect considered by EPIGOLD is the change in 

solution toxicity of the leach effluent when this is left to stand in a holding pond 

exposed to the atmosphere. Figure 7.49 shows the calculated changes in toxicity 

for the solution over a period of 150 days.
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Figure 7.49 Changes in solution toxicity of pond # 1.

These data show that the toxicity increases during the first 40 days, reaching a 

peak of nearly one toxic unit on day 44. After this toxicity declines, decreasing to 

less than 0.1 toxic units after 104 days. This change in toxicity correlates with plots 

of cyanide and hydrocyanic acid concentrations in Figure 7.42 and Figure 7.43, 

indicating that solution toxicity is principally due to the presence of molecular 

cyanide.

The effects and toxicity data are aggregated to produce a final set of 

assessment scores for the experiment option. These are presented in Table 7.15.
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Table 7.15 BEO Assessment for option # 1.

Component Value

Global Warming Potential 1.71

Poor Air Quality Potential 0.77

Acidification Potential 0.05

Adjusted Acidification Potential 0.05

Net Carbonate Value 65.1

Arsenic emissions 0

Peak Toxicity Value 0.99

Mean Toxicity Value 0.53

Peak Toxicity Day 44

Each value represents a total calculated from all the components contributing 

to that score. The first five refer to derived effects based on materials and energy 

exchanges generated by unit process operation. Of these, NCV relates to the 

chemical properties of the ore while the other four are effects derived from 

emissions caused by power generation.

The Adjusted Acidification Potential (AAP) is a score derived from the 

Acidification Potential that takes into account the consumption of sulphur 

dioxide generated by other unit operations. The score is only adjusted if INCO 

SO2/AIR cyanide destruction technology is used to treat the leach effluent, as 

this can use sulphur dioxide as the process input. This will reduce the AAP score 

and hence improve the final AP score for that system.

The second component - arsenic emissions - is calculated from the processing of 

ore by roasting. This is represented in EPIGOLD as an environmental burden 

rather than a derived effect, because of the complex nature and action of
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arsenic trioxide in the environment32. The effect this has on the BEO Assessment is 

discussed further in the conclusions.

The final three scores refer to the solution toxicity of leach effluent left to stand in 

a holding pond. The peak toxicity value gives the maximum value reached 

during the period of assessment, which in all the experiments is set to 160 days. In 

this case the value is slightly less that one toxic unit, which is significant given the 

choice of toxicity model; any value exceeding this threshold would be 

considered lethal for the indicator species from which the original toxicity scores 

have been derived. The peak toxicity day indicates when this score occurred. 

Finally, the mean toxicity score gives the average value across all of the 

observed days.

Although the score for experiment # 1 have some inherent meaning, for example 

the toxicity scores that can be compared to the 1 toxic unit lethal threshold, 

comparison to different lixiviant and process combinations reveals any trends in 

the environmental scores that occur between different experimental options.

The thiosulphate vat leach of the oxide ore type in the next section is used to 

generate a second set of assessment scores, which can be compared to 

experiment # 1 .

7.3.7.5 Thiosulphate Vat Leach of Oxide Ore

The second experiment uses the same unit operation combination as the first, 

but substitutes the lixiviant cyanide for thiosulphate. The parameters used to 

define the vat leach ‘Cortez' were given in Figure 7.37, and the initial 

composition of the thiosulphate lixiviant was given in Table 7.10.

7.3.7.6 Vat Leach Results

The results showing the rate of gold dissolution are given in Figure 7.50.

32 This was discussed In Section S.2.5.2.
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Figure 7.50 Gold dissolution in the #2 vat leach.

A similar pattern to experiment # 1 emerges during the leaching process, with the 

rate decreasing as the mass of gold remaining in the ore decreases. This is a 

function of available surface area of the gold fraction, and also the lixiviant 

concentration. A slightly lower initial concentration was specified compared to 

the cyanide lixiviant (0.15mol.dnrr3 instead of 0.2mol.dm-3), and this is reflected in 

the slightly slower rate of leaching.

Figure 7.51 shows the change in aurothiosulphate mass present in the reactor. 

This, and the change in total mass of unreacted thiosulphate in Figure 7.52, 

reflects the change in the rate of gold dissolution plotted above.
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Figure 7.51 Change in aurothiosulphate component mass.
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Figure 7.52 Change in thiosulphate component mass.

At the end of the leaching period approximately 65 percent of the gold has 

been leached from the ore. After the aurothiosulphate has been removed from 

the solution this leaves a barren leach effluent containing unreacted 

thiosulphate, and other products of side reactions that may have occurred 

during leaching.
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7.3.7.7 Natural Attenuation

The thiosulphate leach effluent passes to a holding pond where it is retained for 

150 days. During this time EPIGOLD simulates the changes in component 

concentrations that occur.

Figure 7.53 shows the change in pH calculated during the period of observation. 

A steady drop is observed from a pH of 10 to approximately 9 (equating to a 

tenfold increase in hydroxonium ions). Like experiment #1, this is due to the 

dissolution of carbon dioxide and the formation of carbonic acid.

Time / days

Figure 7.53 Changes in pH in the #2 pond.

Ammonia is present at relatively high concentrations in the lixiviant, and in Figure 

7.54 its concentration can be seen to change with the reduction in pH. This in 

turn causes an increase in the concentration of ammonium, shown in Figure 7.55.
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Figure 7.54 Change in ammonium concentration.
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Figure 7.55 Change in ammonia concentration.

At the end of the period of observation the concentration of ammonia is 

approximately twice that of ammonium. It is important to note that EPIGOLD 

does not currently take into account the volatilisation of the former, and hence 

there is no loss from the system of this compound. The limitations this introduces 

are discussed in the conclusions.
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7.3.7.8 System-level Materials, Energy and Environmental Effects

Given that the first two experiments share the same ore feed, the plot of process 

power consumption per kg of ore presented in Figure 7.56 is identical to that in 

Figure 7.47.
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Figure 7.56 Process power consumption for experiment #2.

The ball mill consumes more energy per kg of ore than the vat leach, with the 

primary and secondary crushers consuming significantly less. However, because 

the mass of gold extracted from the ore by the thiosulphate lixiviant was less 

than that recovered by the cyanide, the derived environmental effects scores, 

given in Table 7.16, have changed.
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Table 7.16 Environmental effects for system #2.

Component GWP PAQP AP NCV

Calcite 70.4

Carbon dioxide 1.95

Methanal 0.21

Methane 0.02 2.51x10-03

Nitric oxide 0.41

Nitrogen dioxide 0.03 0.02

Particulates 2.41x10-03

Pyrite -1.50X10-03

Smithsonite 4.33

Sulphur dioxide 0.23 0.04

Compared to the scores calculqted for the first experiment there is a slight 

increase for all scores. This demonstrates the effect that the functional unit can 

have when the economic output of the system (troy ounces of gold) changes.

The change in the second environmental effect leach effluent toxicity, is plotted 

in Figure 7.57.
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Figure 7.57 Changes in solution toxicity of the #2 pond.

A steady rise in toxicity is observed during the period of observation, peaking on 

day 139 and decreasing during the final six days. The increase matches the
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change in concentration of ammonia observed for the solution, as this 

compound is more toxic than its ionic pair.

The BEO Assessment data are summarised in Table 7.17

Table 7.17 BEO Assessment for option #2.

Component Value

Global Warming Potential 1.97

Poor Air Quality Potential 0.88

Acidification Potential 0.06

Adjusted Acidification Potential 0.06

Net Carbonate Value 74.7

Arsenic emissions 0

Peak Toxicity Value 0.60

Mean Toxicity Value 0.48

Peak Toxicity Day 139

As noted earlier, the derived effect scores are slightly higher per troy ounce than 

those for the lixiviant cyanide. Arsenic emissions are again calculated as zero, 

given that roasting was not used to pre-treat the ore. In contrast to the first set of 

effect scores, the mean and peak toxicity values are lower than those for the first 

experiment. This is reflected in the lower toxicity of ammonia compared to 

cyanide, even though the latter is treated as more volatile by the EPIGOLD 

chemical models.

7.3.7.9 Comparison of Thiosulpha te and Cyanide Leaching

The scores presented in Table 7.15 and Table 7.17 are plotted in the figures 

below, showing the score variations between the two process options. The 

effects associated with power demand and effluent toxicity are plotted in Figure 

7.58.
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Figure 7.58 Comparison of scores for cyanide and thiosulphate.

The consequence of calculating scores with respect to the functional unit can 

be seen in the difference between the component scores that relate to power 

generation; although the power demand for both the system was the same, the 

effective power demand per troy ounce is lower for cyanide. However the peak 

and mean toxicity values for experiment option # 1 are higher; this is due to the 

greater toxicity of molecular cyanide as noted above.

An interesting effect of the functional unit on the scores is shown by the NCV 

score (divided by 100 to allow inclusion on the same graph without loss of detail). 

The same ore was used in both systems, and this has been shown to have a net 

potential for neutralising acidic drainage. Given that a greater mass of ore was 

leached to recover one troy ounce of gold in experiment # 2, the NCV score for 

this experiment was higher. While this has no detrimental effect in terms of the 

potential to produce acid rock drainage in this case, where an ore has a net 

negative NCV score a decrease in the number of troy ounces of gold recovered 

may have a detrimental effect on the assessment scores.

7.3.8 Effect of Ore Mineralogy on Environmental Performance

In the previous section the oxide ore type was used in both experiment # 1 and 

#2. This section looks at the effect of changing ore mineralogy on the 

environmental performance of the system, by substituting the oxide ore type for
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normal and sulphide ore types and vat leaching these with the cyanide lixiviant. 

The unit operation combinations used to achieve this are listed in Table 7.7 as 

experiment options #3 and #5; option #4 - the heap leach -  is used in a 

comparison of leaching operations in the next section.

Figure 7.59 shows the leaching results for each of the three ore types (the green 

line for the oxide ore type was also shown in the previous section and is included 

for comparison).

OXIDE
NORMAL
SULPHIDE

Figure 7.59 Comparison of leaching rates for three ore types.

The leaching rate and total mass of gold recovered from the ore decreases in 

the order oxide > normal > sulphide. The difference between the sulphide and 

other two ore types is particularly pronounced. This is because the sulphide 

minerals were shown in Section 4.4 to lock the gold grains within the gangue, 

preventing exposure to lixiviant percolating through the ore.

These results are shown from a different perspective in Figure 7.60, which plots 

the mass of concentration required, mass of lixiviant required and mass of 

leached ore produced per troy ounce of gold recovered. The y-axis uses a 

logarithmic scale to show the difference between the lixiviant component mass 

required by each ore type.
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Figure 7.60 Change in ore and lixiviant mass per troy ounce.

The trend shown by these data is for an increase in the mass of each component 

per troy ounce in the order oxide > normal > sulphide. This correlates with the 

reduction in leach performance observed in Figure 7.59.

Figure 7.61 shows the power input in MJ for each unit operation and each ore 

type. Again a logarithmic scale is used for the y-axis to facilitate comparison of 

power inputs for the primary and secondary crushers.
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Figure 7.61 Change in power input per unit operation.

It can be seen that the power input required per kg of the normal ore type is 

lower than that for the other two types during comminution. This is a function of 

the change in ore mineralogy, with the normal ore type having the lowest Bond 

work index. However, the trend alters for the Cortez vat leach, where there is a
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fixed power input during the leaching process. Here the power input is a function 

of the ore density, with the sulphide ore having the highest mean density and 

therefore lowest power input per kg of ore.
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Figure 7.62 Assessment scores for the three ore types.

These data reveal a number of trends apparent between the three ore types. 

The first difference is in the first four scores, where the values for the sulphide ore 

type are significantly higher than those for the other two ore types. This is due to 

the calculation of scores with respect to the functional unit, where the poor 

recovery of gold from the untreated sulphide ore has caused a decrease in 

environmental performance. This is particularly obvious for the Adjusted AP 

score, which takes into account the acid generation potential (or negative NCV 

value) of the ore. Combined with the greater mass of ore processed per troy 

ounce, the negative NCV value for the sulphide ore has caused a large increase 

in the Adjusted AP score.
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The second difference concerns the same scores for the normal and oxide ore 

types. Even though the normal ore type proved more refractory than the oxide 

ore (a greater mass of ore had to be leached to recover one troy ounce) the 

work index and therefore power input during comminution was lower for the 

former. This has caused the oxide ore assessment scores associated with power 

generation to be greater that the equivalent for the normal ore type.

The final three scores in Figure 7.62 concern solution toxicity, and show an 

interesting trend across the three ore types. While the scores for the normal and 

sulphide ore types are very similar, the toxicity of the effluent produced by the 

leaching of the oxide ore type is greater and peaks later than for the other two 

ores. This is related to the presence, or in the case of the oxide ore an absence, 

of side reactions with the lixiviant. A higher proportion of active mineral 

components present in the sulphide and normal ore types reacted with the 

lixiviant, reducing the cyanide concentration in the effluent; this can be seen by 

comparing the leach component mass data for the three experiments given in 

Appendix L.

7.3.9 Heap and Vat Leaching

The vat leaching of untreated normal-type ore in experiment #2 is used as a 

comparison for experiment #4, where the same ore type is leached using an ore 

heap. Although the same cyanide lixiviant was used, the leach time is in this 

case much greater. A typical heap leach may require weeks of operation to 

extract gold from an ore with a much greater mean particle diameter, and 

hence much lower rate of diffusion through the interstitial spaces. Figure 7.63 

shows the operating parameters chosen for the heap leach.
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H E A P  L E A C H IN G

► Process nam e Heap Leach

Physical parameters Leach parameters

Pad depth | 20 Lixiviant [Cyanide

Pad surface area | 200| Flow rate | 2j

Elements | 10 Leach time [ 150

Ore grind size | 0.07 Cutoff | 10

Void fraction 0.7

Record: M l - II 1 ► |H |P * |  of 1

Figure 7.63 Heap leach parameters.

The pad depth was set to 20 metres and the total surface area to 200 metres. 

The pad was subdivided into 10 elements to improve the numerical accuracy of 

the simulation (see Section 4.8 on partial differential equations). The ore grind size 

was set to 7x1 O’01 metres, and the bulk density 0.3. Lixiviant was added to the top 

of the heap at a rate of 2 dm^.s*1 and the maximum leach time set to 160 days. 

A nominal value of 10 percent was chosen as a cut-off for the leaching process, 

should the majority of the gold be recovered in less than the specified maximum 

leach time.

The results of the heap leach are presented in the following sections, and then 

compared to results obtained earlier for experiment #2.

7.3.9.1 Heap Leach Results

The change in gold mass remaining in the ore is plotted in Figure 7.64. This 

indicates the degree of success that was achieved by the heap leach, and also 

the relative differences in the leaching rate that were observed within each 

element. The latter are represented by different-coloured lines used for clarity to 

plot five of the elements spaced throughout the heap; a legend is given on the 

right hand side.
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Figure 7.64 shows that: (a) the maximum leaching rate in any element is much 

slower than that observed during the vat leach of the normal ore, (b) at any 

given point in time the leaching rate decreases with vertical distance from the 

top of the heap, and (c) the overall rate decreases with time. Given that the 

lixiviant concentration for both this and experiment #2 are the same, the ore 

parficie diameter and hence diffusion distance must be responsible for the 

change in leaching rate. As lixiviant is consumed the concentration drops as it 

percolates through the heap. This means that the lixiviant diffusion gradient in 

the lower elements is less and hence the rate of lixiviant replacement in the ore 

particle slower. Given that EPIGOLD also treats the rate of gold dissolution as 

concentration-dependent, the resultant drop in concentration is also responsible 

for the change in rate observed between elements.

Figure 7.65 shows the change in aurocyanide component mass observed in the 

leach effluent during leaching.
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Figure 7.65 Change in aurocyanide component mass.

A lag is apparent during the first week, when lixiviant is diffusing through the 

heap. After this period the aurocyanide concentration peaks; a steady 

decrease is observed during the remainder of the leaching period.
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Figure 7.66 gives the corresponding change in cyanide component mass 

observed in the leach effluent.
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Figure 7.66 Change in cyanide component mass.

There is a lag observed during the first week, before the heap leach output 

stabilises. Because the mass of gold dissolved in the lixiviant is very low 

compared to the mass of lixiviant percolating through the heap, no increase in 

cyanide output is apparent after this time although in reality there is a small 

increase as the mass of gold dissolved per unit time drops.

Figure 7.67 and Figure 7.68 show the output of iron(ll) and hexacyanoferrate 

from the heap. Both are products of the reaction of iron-containing minerals with 

cyanide.
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Figure 7.67 Change in iron(ll) component mass.

10
9

8

7

6

5

4

3

2

0
0 1 2 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 20 21 22 23 24 25 26 27 28 29 30 31

Time / days

Figure 7.68 Change in hexacyanoferrate component mass output.

Iron(ll) is produced when a mineral is sparingly soluble in solution and not all of 

the cations react with cyanide. During the first week some iron(ll) is observed in 

the effluent; during this period demand on cyanide is highest and hence it may 

be in deficit in some elements within the heap. After this time sufficient cyanide is 

present to 'mop up' the iron(ll), forming hexacyanoferrate. Output of the latter is 

plotted in Figure 7.68.

A similar pattern is observed for zinc(ll) and tetracyanozincate, plotted in Figure 

7.69 and Figure 7.70.
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Figure 7.69 Change in zinc(il) component mass output.
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Figure 7.70 Change in tetracyanozincate component mass output.

Both the outputs of tetracyanozincate and hexacyanoferrate remain relatively 

constant after the initial lag phase. This is due to the greater mean particle 

diameter which limits the rate of diffusion of reactants into and products out of 

the ore particle. This means that there is excess solid reactant -  the mineral - 

available within the ore particle during the period of simulation, and hence a 

steady rate of diffusion of product from the interstitial spaces into the percolating 

solution.



294 RESULTS AND DISCUSSION

7.3.9.2 Effect of Leaching Method on Environmental Performance

The principal difference between the vat leach conducted in experiment #3 

and the heap leach is the lower energy input required by the system. The heap 

leach requires no ore pre-treatment and no leach effluent treatment, so the only 

energy inputs recorded by EPIGOLD for experiment #4 occur during 

comminution. Because the grind size selected was greater than the minimum 

product size obtainable using the secondary crusher, there was no requirement 

for grinding. Hence the two energy inputs are for primary and secondary 

crushing only.

Figure 7.71 shows the different energy inputs required for the heap and vat 

leaching of the normal ore type.
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Figure 7.71 Energy inputs for heap and vat leaching.

The energy input for the primary crusher is, as expected, the same in both 

systems. The secondary crusher requires a lower energy input for the heap leach 

system, given the larger final product size specified for the latter.

The difference in efficiency between the two processes can be determined by 

looking at the mass of ore leached per troy ounce recovered and the mass of 

lixiviant used to recover one troy ounce, shown in Figure 7.72.
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Figure 7.72 Ore and lixiviant inputs per troy ounce.

These data show that the heap leach is actually slightly more efficient in terms of 

the mass of ore that needs to be leached to recover one troy ounce; both the 

values in Figure 7.72 for the concentrate input and leached ore output are 

slightly less than for the equivalent vat leach completed in experiment #3. 

However there is a large difference in the mass of lixiviant required per troy 

ounce of gold for the two processes; the heap leach requires approximately 7kg 

of lixiviant compared to less than 0.5kg for the vat leach. Although the 

difference between these two values is exaggerated because EPIGOLD does 

not currently simulate the recycling of lixiviant - a limitation discussed in the 

conclusions -  the greater leach time also increases consumption of cyanide 

during side reactions with active mineral components. The heap leach process is 

therefore less efficient in terms of lixiviant consumption than the vat leach.

Figure 7.73 presents the BEO assessment scores for the two systems.
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Figure 7.73 Assessment scores for heap and vat leaching.

The lower power demand in the heap leach system is reflected in the first four 

scores for PAQP, AP, Adjusted AP and GWP; in each case the score for vat 

leaching is significantly higher than for heap leaching. The variation in the NCV is 

due to the concentration of ore prior to vat leaching, indicating the greater 

mass of carbonate minerals, such as calcite, that end up in the tails during 

concentration; this does not occur for heap leaching, as EPIGOLD only allows 

the use of run-of-mine ore for this process.

The mean, peak and peak day values for the leach effluent toxicity indicate that 

the heap leach effluent is more toxic, and that the toxicity score peaks later 

than for the vat leach process. This is due to the greater volume of unreacted 

lixiviant produced by heap leaching, which in turn contains a higher 

concentration of hydrocyanic acid produced during cyanide hydrolysis.

7.3.9.3 Effect of Treatment Options on Environmental Performance

The final series of experiments concern the recovery of gold from the sulphide 

ore type, which contains sulphide minerals that lock the gold within the gangue 

therefore making it refractory - or difficult to leach. Ore pre-treatment has 

already been discussed in Section 4.7.5.1 as a way of improving gold recovery, 

and results from the two processes were presented in Section 7.3.4. EPIGOLD also 

considers three effluent treatment processes that can reduce the leach effluent



297 RESULTS AND DISCUSSION

toxicity prior to release by oxidising free cyanide and cyanide-containing 

compounds.

7.3.9.4 Pre-treatment by BIOX an d Roasting

The leachable fraction of gold contained in the ore can be increased by pre

treating the ore prior to leaching. This changes the chemical composition of the 

ore matrix by oxidising refractory minerals which exposes inclusive gold.

Experiment options #6 and #7 use two different treatment options included in 

the EPIGOLD tool -  roasting and BIOX bacterial oxidation - to pre-treat the 

sulphide ore prior to a vat leach with the lixiviant cyanide.

The improvement in gold recovery achieved by pre-treatment is plotted in 

Figure 7.74; the gold recovery from untreated sulphide ore calculated by 

EPIGOLD in experiment #5 is also included for comparison.
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Figure 7.74 Pre-treatment improvements in gold recovery.

These data show an increase in both the rate of leaching and the total fraction 

of gold recovered at the end of the leaching period. Approximately 35 percent 

of the gold is recovered from the roasted ore after 38 hours, compared to nearly 

60 percent of the gold from the BIOX treated ore. The difference between the 

two values is due to the chemical changes that occur during pre-treatment. The
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BIOX technology reacts with the sulphide minerals to form a soluble product that 

can be separated easily from the concentrate, therefore achieving greater 

exposure of the gold. Roasting oxidises the sulphide minerals, changing their 

chemical structure but not removing them from the concentrate. This means 

that the porosity of the roasted ore is lower than the BlOX-treated concentrate.

Roasting is assumed by EPIGOLD to consume a greater quantity of energy than 

BIOX treatment, given that the former is a thermal process. The energy demand 

calculated for each process from data in the literature is given in Appendix L.

Figure 7.75 shows the energy consumption per kg of ore plotted for each process 

in systems # 6 and # 7.
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Figure 7.75 Change in pretreatment energy demand.

As expected, the energy consumption for all of the processes, except for pre

treatment, is the same in both experiments. The difference in energy 

consumption between the two pre-treatment options can be seen in the second 

and third columns. It is interesting to note that EPIGOLD calculates the energy 

demand per kg of ore for roasting to be greater than for primary and secondary 

crushing, but less than vat leaching and ore grinding. Vat leaching requires a 

continuous energy input over the 38 hour retention time, and because the ore is 

leached as a slurry the energy input per kg of ore is high relative to other unit 

operations in the system. Grinding still consumes significantly more energy per kg

i . i
I ROAST 
I BIOX
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of ore than all of the other processes; the large increases in input energy 

required at small product sizes was illustrated in Figure 7.12.

Figure 7.76 shows the BEO Assessment scores calculated for the two pre

treatment options.

■ ROAST
■ BIOX

Mean TV PAQP AP ARS A-AP GWP Peak TV TV Day
Component

Figure 7.76 Pre-treatment changes in BEO scores.

These data show significant differences between some of the scores, particularly 

those environmental effects relating to gaseous emissions. Note that the y axis is 

logarithmic, so the apparent difference if plotted on a linear scale would be 

much greater. The differences are due to the way in which each process 

oxidises the ore. Roasting produces oxides of sulphur and carbon that pass to the 

flue, which EPIGOLD considers to be of greater environmental significance than 

the insoluble precipitate produced during BIOX pre-treatment. EPIGOLD has also 

calculated the arsenic trioxide emissions per troy ounce that are produced 

during roasting. It is production of the latter (which has few industrial 

applications) and the generation of acidic precipitation down-wind of the 

roaster from the sulphur dioxide in the flue gas that encouraged research into 

alternative pre-treatment methods. This means that BIOX and also other pre

treatment alternatives such as pressure oxidation (which has not been 

considered in the research) are now used preferentially to roasting.
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7.3.9 .5  T reatm ent of Leach  Effluen t

EPIGOLD considers three unit operations that can be included in the system to 

reduce the toxicity of leach effluent: (a) INCO SO2/AIR cyanide destruction, (b) 

Cyanisorb cyanide recovery, and (c) Degussa oxidation of cyanide using 

hydrogen peroxide. Experiments #8, #9 and #10 assess the use of these 

processes on effluent produced during the vat leach of sulphide ore that has 

been pre-treated using BIOX bacterial oxidation.

Figure 7.77 shows the composition of the feed and product streams produced by 

the INCO operation; these data are also listed in Appendix L.
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Figure 7.77 INCO feed and product streams.

The feed contains significant quantities of free cyanide (25 percent by mass), 

and this is oxidised by the addition of sulphur dioxide and oxygen. Calcium 

hydroxide is used to neutralise the acidic products of this reaction, producing 

calcium sulphate, carbonate and nitrate. This process reduces the toxicity of the 

effluent by removing free and WAD cyanide that might otherwise be hydrolysed, 

producing toxic molecular cyanide.

Experiment #9 investigated the use of one of the commercial alternatives, 

Cyanisorb, which works by stripping cyanide and cyanide-containing 

compounds from solution prior to discharge. Table 7.18 lists the components
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present in the leach effluent and the composition of the product produced by 

the operation.

Table 7.18 Cyanisorb feed and product composition.

Component Feed /  moles Product /  moles

Cyanide 5.49x10+03 5.52x10+03 (CREDIT)

Hydrocyanic acid 0.23

Hydrogen sulphide 4.53x1 O'08 4.53x10-08

Oxygen 0.69 0.69

Sulphide(ll) 6.23 6.23

Tetracyanozincate 6.23

Thiocyanate 1.48x1 O'03 1.48x10-03

Zinc hydroxo 1.92xlO-io 1.92xlO-io

Zinc(ll) 6.38x10-07 6.23

The Cyanisorb process has removed tetracyanozincate from the feed solution 

during stripping and converted this into free cyanide. The latter is shown in green 

as a system credit that can be returned to the leaching process. This reduces the 

mass of lixiviant required per troy ounce of gold recovered by the system.

Figure 7.77 shows the composition of the feed and product streams produced by 

the Degussa hydrogen peroxide oxidation process; these data are also listed in 

Appendix L.
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Figure 7.78 Degussa feed and product streams.
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These data show the process is very similar to the INCO process, although 

hydrogen peroxide is used as the oxidant, as opposed to sulphur dioxide. The 

process oxidises weak and free cyanide to produce carbonate and nitrate. By 

preventing the hydrolysis of cyanide the process minimises the potential toxicity 

of the effluent after discharge.

Figure 7.79 summarises the assessment scores for the three effluent treatment 

processes.
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Figure 7.79 Assessment scores for leach effluent treatment.

These data indicate there is little change between the scores for any of the 

processes; EPIGOLD assumes that all three operate with 100 percent efficiency 

and the small change in power consumption has little effect on the scores that 

relate to energy consumption when aggregated with the emissions from other 

unit operations.

However, while the scores are similar there is a difference in the lixiviant and ore 

component inputs for the three experiments, plotted in Figure 7.80.
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□  Degussa
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Figure 7.80 Concentrate input and leached ore output.

The recovery of lixiviant by the Cyanisorb process has resulted in a drop in the 

total mass of cyanide used by the system per troy ounce of gold recovered. This 

change does not show up in the BEO scores because EPIGOLD does not 

currently assign an environmental performance score to reagent inputs for the 

system; this limitation is discussed further in the conclusions, but means that the 

environmental performance of each effluent treatment process is given an 

equal ranking.

7.3.10 Results and Chapter Summary

This chapter has presented results used to initially validate the EPIGOLD tool and 

then to test various experimental scenarios using data gathered from the 

literature on different ore types containing gold, lixiviant composition, unit 

process operation, power consumption and solution toxicity.

Section 7.2 validated the behaviour of individual model components by 

examining how each component responded to a range of inputs representative 

of published empirical data. The results generated by the validation experiments 

were found to agree with those published in the literature, although limitations 

were apparent, particularly when extreme values were used. These are 

discussed as part of the section on further work in the next chapter.
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Section 7.3 used ten experimental combinations of different lixiviants and unit 

operations listed in Table 7.7 to determine how environmental performance 

varied across each system. Results from each unit operation were presented, 

and then aggregated using a set of BEO Assessment scores for each experiment. 

These are shown for all ten experiments in the graph plotted below, but first a 

summary of each score component and its meaning is presented below.

1. PAQP, or Poor Air Quality Potential. Some system components are scored by 

EPIGOLD as contributing to poor air standards in the locality of the emission, 

for example particulates emissions from fossil fuel combustion. These can 

affect the health of workers on the site, and therefore a higher score 

indicates poorer environmental performance.

2. AP, or Acidification Potential. A reduction in pH of groundwater can 

damage ecosystem flora and fauna, both directly and indirectly by 

mobilising toxic metals such as copper. Some components are scored by 

EPIGOLD as AP precursors, indicating that they have an ability to contribute 

to this process. A higher score therefore indicates poorer performance.

3. ARS, or Arsenic emissions. This is a single-component score indicating that 

emissions of arsenic trioxide have been generated by the system. No 

environmental weighting of this burden is currently completed by EPIGOLD, 

so the units of the score are kg per troy ounce of gold. A higher score 

indicates poorer system performance.

4. A-AP, or Adjusted Acidification Potential. The score for the Acidification 

Potential may be modified where the system produces sulphide ore waste 

that has the potential to produce acid rock drainage, or where the INCO 

unit operation is specified, allowing sulphur dioxide to be used as the effluent 

oxidant. Large differences between the first and second, or adjusted, AP 

scores are typically produced by a system with poor gold recovery that 

produces a large mass of sulphide ore waste per troy ounce of gold
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recovered. A higher Adjusted AP score therefore indicates poorer 

environmental performance.

5. GWP, or Global Warming Potential. This score concerns the potential of 

system emissions to contribute to the reflection of infra-red radiation re

emitted from the earth's surface, which may be associated with changes in 

global climate change. It is typically associated with the production of 

carbon dioxide during power generation, but EPIGOLD also scores other 

emissions such as methane and nitric oxide as contributing to the total GWP 

for the system. A higher GWP score indicates poorer system performance.

6. Peak TV, or Peak Toxicity Value. The toxicity models used in EPIGOLD are 

constructed so that a score greater than 1 is lethal for species on which the 

toxicity testing was carried out. The peak score indicates the single maximum 

value calculated during the period of simulation. A score greater than one 

indicates acute toxicity and therefore poor environmental performance.

7. Mean TV, or Mean Toxicity Value. This value indicates the average solution 

toxicity during the period of simulation. Although an average score less than 

1 does not indicate episodes of acute toxicity (see Peak TV above), a lower 

score indicates a less toxic effluent and therefore better environmental 

performance.

8. TV Day, or Toxicity Value Peak Day. The day on which the effluent toxicity 

reached its peak value. Although a higher score does not necessarily 

indicate poorer environmental performance, it does indicate latent solution 

toxicity emerging some time after release into the impoundment. This may 

have implications for the type and duration of effluent monitoring carried out 

by site staff, and therefore a lower value is preferred as it indicates less 

requirement for solution monitoring post-release.

The scores for each experiment are presented in Figure 7.81.
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Figure 7.81 BEO Assessment summary.
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The scores show patterns of variation that are dependent not only on the 

materials and energy input required by a particular system, but also the 

efficiency with which that system recovers gold from the concentrate. When a 

particular system performed badly, for example #5 which used the untreated 

and therefore refractory sulphide ore type as the system input, the 

environmental burden per troy ounce of gold recovered for that system was 

higher than for others that recovered a greater mass of gold. The scores for 

system #5 in Figure 7.81 are typically higher than for other systems, for example 

# 1, and therefore the environmental performance for system #5 is on balance 

poorer.

The heap leach simulated in experiment #4 contrasted with the energy-intensive 

vat leaching simulated in the other nine experiments. This had a significant effect 

on the scores associated with gaseous emissions generated by power 

consumption. In Figure 7.81 the heap leach scores are shown in light blue, and 

are significantly lower than the equivalent scores for all the other experiments 

apart from the toxicity scores. The data collated for this component indicated 

that this was due to a higher throughput and final concentration of cyanide in 

the impoundment.

The assessment scores for system #6, which used roasting to treat a refractory 

sulphide ore input, were particularly poor when compared to the other 

experimental options. This was the only system to produce the toxic arsenic 

trioxide (shown as a single bar above the label ARS), and the scores for other 

environmental effects such as GWP and AP were also much higher. This was due 

to the emissions of carbon dioxide and sulphur dioxide into the environment, 

which EPIGOLD scored accordingly. The equivalent and now preferred method 

of treatment, BIOX bacterial oxidation, scored better under each of the 

categories aggregated by EPIGOLD.
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The significance of these trends and their importance when determining which 

system overall offers superior environmental performance is the subject of the 

next chapter, which presents the project conclusions reached on the basis of 

these results and discusses the implications for future work carried out in this area.



CHAPTER 8. CONCLUSIONS AND FURTHER 
WORK

8.1 Chapter Introduction

In the previous five chapters the conceptual model EPIGOLD has been 

introduced, implemented and used to generate results for ten experimental 

scenarios. This chapter discusses the conclusions reached from the results and 

the further research considered of value by the author in light of these findings.

The chapter is divided into three sections. The first presents the conclusions 

regarding the influence of ore mineralogy, lixiviant and process choice on 

system environmental performance. The latter has been measured on a per 

service basis by using the functional unit 'per troy ounce of gold recovered'. 

Therefore environmental performance is measured as a series of environmental 

burdens (and effects) generated by system activity per unit of production. This 

facilitates comparison of different process combinations by measuring materials 

and energy flows with respect to the functional unit, and forms the basis of the 

BEO assessment scores presented at the end of the previous chapter.

The second section discusses the limitations inherent within EPIGOLD as a 

conceptual model. Conceptualisation describes the representation of a 

complex system as a series of model components that can be manipulated by 

the user. This is achieved by concentrating on selected aspects relevant to the 

research aims and objectives, which in turn introduces certain limitations. These 

may concern an aspect of behaviour that does not accurately reflect its 

empirical counterpart, or an inability of the model to generate data from certain 

parameter ranges. The section discusses these limitations and the implications for 

data generated by the model.
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The chapter concludes by considering ideas for future work. During the early 

stages of the project a number of different avenues of research were explored, 

and from these a limited number were investigated more thoroughly. This section 

discusses how these could be used as the basis for future work.

8.2 Project Conclusions

In the previous chapter a set of scores was generated by EPIGOLD for each 

simulated process and lixiviant combination. Before comparing individual scores 

it is important to determine what is meant by 'poor' environmental performance 

within the context of this project, and what are the implications for one or more 

scores indicating poor environmental performance for a part of a given system.

Because EPIGOLD does not aggregate scores to produce a single index, 

environmental performance is a function of both the score category and the 

magnitude of that score. For example, a toxicity value of 1 is significant given the 

choice of toxicity model, but a GWP score of 1 is better than average for many 

of the other GWP scores that were presented in Figure 7.81. Secondly, scores are 

calculated with respect to the system functional unit. This means that increases 

in system productivity, in this case gold recovery, will improve the environmental 

performance assessment scores as long as these exceed any equivalent 

increases in environmental burdens. For example, a system with y environmental 

burdens increasing gold recovery from x to 2x units will see its environmental 

performance improve if the environmental burdens at 2x output are <2y. 

Conversely, the environmental performance per functional unit will remain the 

same or deteriorate if the associated environmental burdens are ->2y. This 

principle is fundamental to LCA methodology.

8.2.1 Significance of Assessment Scores

Although an increase in environmental burdens per troy ounce generally means 

poorer environmental performance, the assessment score category determines
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the significance of the increase. EPIGOLD considers four categories of burden 

and a poor score in each category has different implications for operation of the 

mine site. The score categories concern: (a) gaseous emissions associated with 

power generation, (b) gaseous emissions produced during ore pre-treatment, 

(c) production of ore gangue and waste rock during gold recovery, and (d) 

leach effluent produced by vat or heap leach unit operations.

The first, gaseous emissions associated with power generation, produces 

environmental effects that act locally, regionally and globally. In the context of 

this research local effects are defined as acting in the immediate vicinity of the 

mine site, regional effects within a geographic area associated with the site, 

such as a state in the USA or a neighbouring country in Europe, and global 

effects as acting on the biosphere as a whole. EPIGOLD considers the GWP 

score to be a global effect, part of the total mass of emissions produced by 

industry in general that are known to reflect infra-red radiation re-emitted by the 

earth's surface. This is for two reasons: (a) electricity power generation may 

occur at some distance from the site and as part of a network of generating 

stations, and (b) emissions such as carbon dioxide and methane are assumed to 

diffuse throughout the atmosphere, aided by the turbulence generated by 

weather systems. Therefore a high GWP score has a global significance for the 

biosphere.

The PAQP effect is considered to act locally Of particulates are produced by 

diesel generators on-site) and regionally if produced by power generation 

elsewhere. This is because particulates are assumed to settle out of the 

atmosphere in the vicinity of the emission, producing a local effect. A high PAQP 

score may therefore have implications for the health and safety of employees 

on the mine site if a large proportion of the energy consumed is generated on

site.
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The AP score is another example of an effect that acts both locally and 

regionally. The research completed by Potting et al (1998) showed the complex 

modelling required to calculate the score as a function of emission type and 

geology of the receiving area; this was discussed in Section 5.3.1.3. However, 

unlike the PAQP score, the pre-treatment of ore may contribute to the system AP 

through the emissions of sulphur dioxide. This means that when ore is pre-treated 

by roasting a high AP score has particular significance for the mine site locality; 

the environmental damage that may be caused by high levels of sulphur 

dioxide emissions from roasters was discussed earlier in this project in Section 

5.2.7.1.

The NCV score is used by EPIGOLD to indicate the likelihood of acid rock 

drainage being generated by the weathering of ore tails and waste rock 

exposed to the atmosphere. This is therefore a local effect, although the scale of 

many mining operations and large masses of ore involved means that 

environmental burdens may affect geographically large areas In the vicinity of 

the mine site.

EPIGOLD uses a ‘precautionary principle' when determining the cumulative 

burdens generated by a negative NCV on the AP score for a given system. A 

negative NCV score indicates a net potential of the ore for generating acid rock 

drainage, and this is added to the AP score to indicate a ‘worst case' 

cumulative score for both acidic precipitation and weathering of the ore. There 

is no aggregation for a positive NCV value because the large NCV scores shown 

for each system in Figure 7.81 would produce a negative Adjusted AP score, 

even though there is little overlap between the local acid-buffering and regional 

acidic precipitation from, for example, power generation. The split in AP and 

Adjusted AP scores therefore has different implications for the site. A small 

difference between the two figures but a relatively high score indicates poor 

regional environmental performance for this component, while a large
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difference between the scores indicates a significant environmental burden 

originating from the mine site,

The final set of assessment scores concern the toxicity of effluent produced 

during leaching. This is considered here as a local effect, given the production 

and possible discharge from unit operations on the mine site, although the large 

volumes of effluent typically involved means that environmental effects could 

be observed over a large area - especially if the effluent enters a water course.

The toxicity model chosen for the research used the observed lethal 

concentrations of pollutants as the toxicity threshold value, in this case equal to 

one unit. This means that values exceeding one toxic unit indicate acute solution 

toxicity. However, because the toxicity model has inherent limitations, for 

example the discounting of synergistic effects occurring between pollutants that 

may increase toxicity, a precautionary principle applied here might consider a 

lower toxicity value as significant. For the purposes of this research a value 

exceeding 0.8 has been chosen when assessing whether the solution contains 

lethal or near-lethal concentrations of toxic components.

EPIGOLD records three values from the toxicity calculations; the mean toxicity 

value, the peak toxicity value and the day on which the solution toxicity was at 

its highest. Each has different implications for the assessment. A high mean 

toxicity value indicates a sustained solution toxicity. Although chronic, or sub- 

lethal, toxicity has not been considered here this is more likely to occur when the 

mean solution toxicity is high.

A high peak toxicity score indicates one or more episodes of acute toxicity, but 

not the duration during which this occurred. As discussed above, a peak toxicity 

value greater than 0.8 indicates acute toxicity that could result in the mortality of 

fauna susceptible to the toxic solution components.

The final part of this score is the day on which the peak toxicity value occurred. 

A higher value indicates chemical changes in effluent composition occurring
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after release that cause increases in toxicity. For the purposes of this research 

higher values indicate poorer environmental performance, because of the 

increased obligation of mine site operators to monitor the effluent after release.

8.2.2 Translation of Assessment Scores

By taking into account the scoring implications for each assessment component 

described in the previous section, the BEO assessment scores have each been 

given a rating which is listed by experimental option in Table 8.1. Three subjective 

ratings have been used, and these are as follows:

1. GOOD, indicating a score that is better than average when compared to 

the other experimental options, or for the effluent toxicity both a mean and 

peak toxicity that is less than an arbitrary value of 0.5 toxic units.

2. FAIR, indicating a score that is approximately average across all the 

experimental options, or for the effluent toxicity a mean score of between 0.5 

and 0.8 toxic units and a peak toxicity that does not exceed 0.8 toxic units.

3. POOR, indicating a higher than average assessment score, or for the effluent 

toxicity either a peak or mean toxicity score that exceeds 0.8 toxic units.

An overall rating is also given for each experimental option.

Table 8.1 Subjective assessment of environmental performance.

# PAQP AP ARS A-AP GWP PEAK TV MEAN TV OVERALL

1 FAIR GOOD GOOD GOOD FAIR POOR FAIR FAIR

2 FAIR GOOD GOOD GOOD FAIR FAIR GOOD FAIR

3 FAIR GOOD GOOD GOOD FAIR GOOD GOOD FAIR

4 GOOD GOOD GOOD GOOD GOOD FAIR GOOD GOOD

5 POOR POOR GOOD POOR POOR GOOD GOOD POOR

6 POOR POOR POOR POOR POOR GOOD GOOD POOR

7 FAIR FAIR GOOD FAIR FAIR FAIR GOOD FAIR

8 FAIR FAIR GOOD FAIR FAIR GOOD GOOD GOOD

9 FAIR FAIR GOOD FAIR FAIR GOOD GOOD GOOD

10 FAIR FAIR GOOD FAIR FAIR GOOD GOOD GOOD
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8.2.3 Research Conclusions

The results presented in Chapter 7 lead to the following conclusions being drawn 

about the dependence of environmental performance on the choice of lixiviant 

and unit process operation.

1. Environmental performance is dependent on system productivity.__________

If a per-service view of environmental performance is taken, poor environmental

performance can result equally from poor economic productivity as it can from 

a large environmental burden associated with that activity. Throughout this 

project a life-cycle perspective of system activity has been taken, and this 

approach is reflected in the results that support this conclusion. Experiment #5, 

the leaching of untreated sulphide ore, had some of the poorest calculated 

environmental scores because the leaching process recovered one of the 

smallest quantities of gold from the ore. The associated environmental burdens 

were therefore higher per troy ounce recovered, even though there was little 

change in the materials and energy demands made by the unit operations, 

compared to # 1, #2, and # 3, whose environmental performance was better. 

Given that the economic product is the justification for system activity, this 

concept allows decision-makers to compare alternatives on the basis of the 

services delivered.

2. Environmental performance is influenced by ore mineralogy.______________

The three different ore types used in the previous chapter as the run-of-mine ore

input included a range of physical and chemical properties representative of 

gold-bearing ores. The wide variation in these properties is a characteristic of 

precious metal mining that distinguishes it from other primary industries.

Given the physical and chemical processing of the ore that occurs prior to gold 

recovery, the ore mineralogy will have a significant effect on the environmental 

burdens associated with this processing, both directly during processing and
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indirectly (as discussed above) via the effect of mineralogy on gold recovery if 

environmental burdens are calculated with respect to the functional unit.

Direct effects were apparent in experiments # 1 and # 3 where differences in the 

Bond work index caused changes in grinding energy required to produce a 

given product size. This in turn caused changes in the environmental burdens 

associated with energy production. In particular data such as that presented in 

Figure 7.12 showed the large increases in comminution energy at smaller ore 

particle sizes. Experiment #6 also showed environmental effects directly 

associated with the roasting of sulphide ores. However, the BIOX unit operation 

demonstrated an alternative process that could be used to oxidise the ore while 

maintaining good environmental performance.

The greatest change in environmental performance associated with ore 

mineralogy concerned the Adjusted AP score. Given that gold is present at such 

low grades the majority of ore extracted will be discarded as gangue or waste 

rock, and exposure of this waste to the atmosphere may produce acid rock 

drainage. Results presented in Appendix L showed that between 40 and 100kg 

of ore was processed per troy ounce of gold recovered. Over a given period of 

operation when thousands of troy ounces may be recovered the mass of ore 

processed becomes an extremely large value, making the Adjusted AP value 

the most significant environmental effect associated with ore mineralogy.

3. Lixiviant choice is less important in determining environmental performance.

The conclusion concerns the choice of lixiviant used for the recovery of gold. In

practice cyanide is used extensively in the mining industry while thiosulphate only 

has niche applications for certain ores identified as being unsuitable for cyanide; 

this is reflected in the inclusion of three unit operations geared toward the 

treatment of cyanide-containing effluent.
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Although the results summarised in Table 8.1 showed only fair or poor 

environmental performance for effluent toxicity, this was due to the 

concentration of unreacted lixiviant in the effluent rather than metal-lixiviant 

complexes formed during leaching. The simulation of solution chemistry 

completed over the 150 days retention in the impoundment showed that, for the 

system using cyanide, the toxicity dropped as this compound was removed by 

volatilisation. While the mean solution toxicity for thiosulphate was higher, this 

was due to an excess of ammonia present in solution. Both these issues would in 

reality be addressed by matching the leach time to the mass of lixiviant added 

to the reactor, and by recycling or treating unreacted lixiviant prior to discharge.

The conclusions drawn on the relationship between environmental performance 

and lixiviant choice concern the mobilisation of metals caused by side-reactions 

occurring between the lixiviant and the ore, which appears to be of greater 

environmental significance that the toxicity of the lixiviant itself. In particular, 

copper and zinc are recognised as being toxic to aquatic organisms, and their 

reaction with the lixiviant during leaching produces mobile cations in the effluent 

solution. At higher pH values these may be precipitated as insoluble metal 

hydroxides, although metal hydroxo complexes are themselves soluble (see 

Appendix E) at high pH values. However at low pH values, for example 

experienced in acid rock drainage, these metal precipitates may be mobilised 

therefore increasing solution toxicity. Cyanide in particular is recognised as being 

less suitable for the leaching of sulphide ores because of side reactions with 

active mineral components.

4. Heap leaching offers better environmental performance for low-grade ores.

In experiment #4 heap leaching was used instead of vat leaching. This reduced

the environmental burdens associated with comminution, vat leaching and also, 

because heap leached ores were not considered for pre-treatment by
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EPIGOLD, burdens associated with ore pre-treatment. The BEO assessment scores 

summarised in Table 8.1 showed good environmental performance for many of 

the categories compared to fair or poor ratings for equivalent systems using vat 

leaching. Where the ore is low-grade and the additional processing costs 

required for vat leaching might reduce the contained value below the cut-off 

grade, heap leaching therefore offers a good alternative.

It is important to note the limitations concerning the heap leach model itself, 

which are discussed in Section 8.3.2. In particular the model does not simulate 

the recycling of lixiviant, which reduces the total lixiviant feed volume required 

during leaching. Lixiviant can be recycled during heap leaching because the 

rate of gold dissolution within the heap leach is relatively slow. The disadvantage 

of this system (and significance for the environmental performance assessment) 

is that the repeated leaching of the heap leads to the build-up of products in 

the solution generated by side reactions with the lixiviant. If these are toxic, they 

will require treatment prior to release if increased effluent toxicity is to be 

avoided.

5. Environmental performance is dependent on the type of system output._____

Improvements in environmental performance were observed between different 

systems that performed similar functions but achieved these in different ways. 

This is illustrated by experiments #6 and #7, which used roasting and the BIOX 

process respectively to treat the refractory sulphide ore. The difference in 

environmental performance, specifically the poor environmental performance 

of the system that used roasting, was due to the difference in the type of sulphur 

and arsenic compounds produced by each unit operation, rather than the a 

difference in the objectives. Both unit operations increased the exposure of 

contained gold by oxidising the sulphide mineral fraction. However roasting 

achieved this by thermal oxidation, producing gases that when released into the
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atmosphere generate a significant environmental burden. The BIOX process 

achieved this by bacterial oxidation, the products of which are the stable and 

insoluble precipitates calcium sulphate and ferric arsenate. Hence the 

difference in system output is responsible for the improvement in environmental 

performance.

6. Waste treatment may offer superior environmental performance.___________

The final conclusion concerns the choice of leach effluent treatment process;

experiments #8, #9 and #10 used the INCO, Cyanisorb and Degussa effluent 

treatment processes respectively. Because a stoichiometric model was used to 

represent the effluent treatment chemistry, it was not possible to calculate how 

changes in various effluent properties such as solids content would affect 

process performance; this limitation is discussed further in Section 8.3.1. This 

meant that 100 percent treatment efficiency was assumed for all three 

processes, which is unlikely in actual operations. The environmental performance 

was shown to be 'good' for all three, but the difference between Cyanisorb and 

the other two unit operations concerned the recovery of cyanide. Stripping of 

this from the solution reduced its toxicity as well as reducing the total lixiviant 

input required per troy ounce of gold recovered.

The conclusion regarding waste treatment is based on data provided for each 

process that show how effluent treatment occurs. Both INCO and Degussa 

produce stable metal precipitates produced from the oxidation of metal 

cyanide complexes and the reaction with hexacyanoferrate. The stripping of 

cyanide by the packed towers used in the Cyanisorb process may recover 

lixiviant, but this leaves metals that may be discharged in solution. Given the 

relatively short period during which cyanide-containing solutions remained toxic, 

this difference in treatment of the metals rather than the lixiviant leads to the 

conclusion that the INCO and Degussa processes may offer superior
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environmental performance. However, Cyanisorb remains an attractive 

proposition because of its unique Waste Minimisation strategy, and would be of 

particular benefit in remote sites where reagent transportation costs are high.

8.3 EPIGOLD Limitations

During the construction and implementation of EPIGOLD, a number of limitations 

were apparent. These have been referred to throughout the project and are 

discussed further in the following sections.

8.3.1 Chemical Models

EPIGOLD chemical models have two principal limitations: (a) they do not take 

into account the thermodynamics of an equilibrium or reaction, and (b) they do 

not take into account the system eH. Both issues mean that the tool will produce 

inaccurate results when dealing with significant changes in solution 

concentration, temperature or with components that have a large difference in 

their standard electrode potentials. In reality these changes would cause 

variations in the rate of reaction, the extent to which a reaction goes to 

completion and the position of a given equilibrium. Such changes are already 

exploited commercially in processes such as the pressure leaching of 

concentrate, where increased temperature and pressure increase the rate of 

gold dissolution and enhance gold recovery.

Gold dissolution in particular is characterised by Wadsworth (1991) as being 

electrochemical in nature, meaning that the kinetic models proposed by Peters 

(1993) and Box & Prosser (1986), and on which parts of the EPIGOLD tool are 

based only have limited application.

8.3.2 Physical Models

Conceptual models developed for each unit operation simplify the process of 

generating data, but in turn place limitations on how the model behaves. The
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two main limitations of unit operations simulated in EPIGOLD concern the process 

chemistry and the behaviour of the model itself.

While the models describing leaching and natural attenuation used the full 

range of reaction and equilibrium kinetic models developed for EPIGOLD, ore 

pre-treatment and effluent treatment only used stoichiometric models to show 

the mass and type of products generated from a given mass of feed. This was 

because the model did not take into account specific conditions of each 

process, for example, heat transfer throughout the roaster furnace, and the 

effect changes in these conditions might have on the process efficiency. For 

example, the high specific heat capacity of water would suggest that variations 

in the ore water content would affect the input energy required during ore 

roasting. Although such predictions were not possible using the stoichiometric 

models, these were sufficient to generate a system mass balance which 

indicated where each component ended up in the system.

The second limitation concerned specific aspects of unit operation behaviour 

that were considered too complex to model in the time available. Firstly, the 

reactors, heap leach elements and the effluent impoundment were assumed to 

behave as CSTRs. The former is a fair approximation, given that it is likely air 

sparging or impellers would be used to agitate the slurry. However, the author 

recognises the limitation of this approach for the heap leach model and the 

effluent impoundment, the problems associated with which are explained 

below.

The heap leach model, as explained in Section 4.8.2, used a numerical solution 

to find the rate of solution reactions that would be expected to vary both with 

time, as reactants were consumed, and with space, as lixiviant was consumed 

trickling down through the heap. This was achieved by dividing the heap up into 

a number of elements, meaning that the heap behaved like a plug flow reactor
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(PFR) across the elements but a CSTR within each element. Th© latter meant that 

the solution was assumed to be perfectly mixed as it entered the element and to 

take a very small amount of time to diffuse across the element (the 'infinite radial 

diffusivity' assumption stated on page 102). Obviously this does not occur in 

actual heaps; the pooling of solution above sections in the heap with poor 

diffusivity is a recognised problem addressed by mixing the ore with cement or 

other binding agents. Ponding prevents even percolation of leach solution 

through the heap and reduces the efficiency of metal recovery.

Perfect mixing was also assumed for the effluent impoundment within which 

natural attenuation was simulated. This initially appears to be a poor choice of 

model, given the expected diffusion gradients that would occur between the 

pond surface and bottom sediment. It would be envisaged that improvements 

in the model could be easily made by dividing the pond into a series of elements 

like the heap leach. However, results presented by Smith & Mudder (1991:41) 

show that the rate and type of solution mixing is much harder to predict. One 

surprising result was the improvement in mixing observed during the winter 

months when currents were observed that replaced the top layer with water 

from the bottom. The author surmises that this could be the result of temperature 

gradients caused by bacterial activity in the sediment warming water at the 

bottom of the impoundment, or large diurnal changes in temperature causing 

the upper layers to cool more rapidly than the lower layers. Because of these 

changes in behaviour it was decided to retain the CSTR representation of the 

impoundment.

8.3.3 Environmental Assessment

The set of BEO Assessment scores produced by the tool concentrate on selected 

energy inputs and materials outputs during the period of assessment. There are 

two principal limitations of this approach: (a) some aspects of the system



323 CONCLUSIONS AND FURTHER WORK

materials and energy exchanges that occur across the system boundary are not 

currently included in the assessment, (b) some aspects of system activity cannot 

be measured using the current methodology set out in Chapter 5. These 

limitations are described further in the following sections.

The first limitation concerns components listed in the system mass balance. While 

many of these are included in the assessment (for example, gaseous emissions 

and leached ore) some of the materials inputs are not. This is due to the system 

boundary being drawn around the mine site itself, meaning that manufacturing 

processes responsible for the production of these materials inputs are not 

considered in the assessment. For example, the manufacturing of hydrogen 

cyanide and thiosulphate will generate a given set of environmental burdens, 

but because these occur outside the system boundary they are not included in 

the assessment. While this is correct in terms of the life-cycle approach, this 

means that the improvement in environmental performance realised by using 

the Cyanisorb process to recover cyanide is not shown in the assessment, only in 

terms of a reduction in lixiviant consumption in the system mass balance.

The second limitation concerns aspects of system activity that may create an 

environmental burden, but cannot be measured using the current assessment 

methodology. Examples under this category include land-take, the area of new 

land consumed by mining activities such as the production of tailings, and 

resource depletion, the consumption of non-renewable ore containing gold by 

the mining process. The latter is an example of an environmental impact as 

defined in Section 2.3, because there are no observable environmental effects 

that result from the consumption of this non-renewable resource. However, 

expert opinion or societal valuation of the ore reserve may consider its loss an 

environmental impact because the reserve is assigned an existence value. This 

would become significant when considering the overall recovery efficiency of 

gold from the ore between different systems.
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8.4 Suggestions for Further Work

In view of the project conclusions and model limitations, the author feels there 

are two areas of work which could be developed further. The first concerns 

development of the model itself, and the second an alternative approach to 

simulating different process and lixiviant combinations.

The hierarchical approach used by EPIGOLD means that different model 

components can be substituted without altering substantially the way In which 

the end product of each simulation, the BEO assessment data, is calculated. By 

far the most complex aspect of EPIGOLD is calculation of solution composition. 

Model components had to cope with solutions containing a large number of 

components with different activities at different concentrations. The complexity 

meant that these are where the principal limitations were to be found, and 

therefore revising this component would improve the accuracy of the model 

output. In particular functions for solution eH need to be incorporated into the 

models which at the moment consider only the solution kinetics. These kinetics 

are also independent of temperature and pressure -  an important limitation -  

which would normally affect both the rate of reaction and the extent of 

reaction. Inclusion of these components would allow different process options, 

such as pressure leaching, to be simulated.

The second suggestion for future work concerns the approach taken by the 

model itself. Components such as the rate of component reaction are very 

difficult to predict accurately, given the dependence on various physical 

parameters, such as pressure and temperature, that were discussed above. 

Even if solution models could be developed to take into account these 

parameters, calibration to empirical data would require accurate measurement 

of each parameter in, for example, the vat or the ore heap. One example is the 

dependence on the rate of gold leaching on the concentration of oxygen,
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reported by Wadsworth (1991) and Sparrow & Woodcock (1995). It can be 

envisaged that the rate will vary at different points in the heap given that only 

the upper surface and sides of the heap are exposed to the atmosphere. 

However, measurement of the oxygen concentration would require core 

samples to be taken during leaching, a difficult process.

If the end-point for a leaching or effluent treatment process is more important 

than calculating the changes that occur with time in each case, the author 

considers that calculating a best or worst-case scenario for the activity of each 

component could be more robust and of greater value. This was approach was 

taken by reviews of unit operations in the paper by Smith and Mudder (1995) 

and is an extension of the stochiometric model used by EPIGOLD to calculate 

solution changes occurring during leach effluent treatment. Take, for example, 

the cyanide leaching of a sulphide ore. Cyanide is consumed by gold dissolution 

and reactions with other active mineral components. The total cyanide 

consumption during a given period of leaching would be:

H=H
m „ = £ A h .Rrh (Equation 8.1)

H=1

where: M r is the mass of lixiviant R consumed during leaching (moles);

Ah is the activity of mineral fraction H (fraction);

Rrh is a stoichiometric expression for mineral H reacting with 

lixiviant R (dimensionless).

By using the activity coefficients to calculate the mass of lixiviant consumed, the 

mass of products produced by these side reactions can also be calculated.

The simplicity of this approach means that no solution calculations are required, 

other than to calculate changes in component mass that result. However, these 

are not necessary if the study is concentrating on an environmental assessment 

of the process outcome rather than the changes that occur during process 

simulation. It may be possible to validate activity coefficients against empirical
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studies for different scenarios, and hence match the environmental assessment 

data more closely to actual process and lixiviant combinations.

8.5 Chapter Summary and Project Conclusions

This chapter has presented the project conclusions drawn from the results 

generated by the novel EPIGOLD expert tool and has discussed the associated 

limitations. The BEO assessment data presented in Figure 7.81 used to present six 

conclusions. These were:

1. Environmental performance is dependent on system productivity.

2. Environmental performance is influenced by ore mineralogy.

3. Lixiviant choice is less important in determining environmental performance.

4. Heap leaching offers better environmental performance for low-grade ores.

5. Environmental Performance is dependent on the type of system output.

6. Waste Treatment may offer superior environmental performance.

The life-cycle perspective taken by the research revealed how calculation of 

environmental performance with respect to the economic product can 

facilitate comparison of different process and lixiviant combinations, therefore 

improving information available to decision-makers.

A number of Appendices provide additional information on various aspects of 

this project. These follow the project references.
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APPENDIX B. GLOSSARY OF TECHNICAL 
MINING TERMS

Term Description

Barren solution A lixiviant solution that has been used to leach gold 

from the ore and has then been stripped of the gold 

during recovery. In addition to unreacted lixiviant 

barren solution would be expected to contain 

dissolved metals and metal-lixiviant complexes.

Circulating Load A fraction of the ore that is deliberately retained within 

the comminution circuit to smooth variations in ore 

mineralogy and particle size. This reduces the chance 

of machines become choked.

Comminution The processes of crushing, grinding and concentration 

that produces a ground product containing the values 

from run-of-mine ore

Concentration The separation of gangue minerals from the values to 

produce a product containing the majority of the 

values.

Contained value The net economic worth of an ore body after all 

recovery costs have been taken into account. When 

the contained value is higher than the recovery costs 

an ore body may be considered profitable to exploit.

Crushing Machines used to crush run-of-mine ore to a size 

suitable for secondary crushing and grinding. Crushing 

relies on compressive and shear forces acting across a 

fixed aperture to cause size reduction.
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Term Description

Cut-off Grade The point at which the contained value equals the 

costs of recovery. Exploitation of ore with a values 

content below the cut-off grade is not economically 

viable.

Exposed Values that have been partially liberated from the 

gangue are said to be exposed. This allows leaching 

solutions to contact with them and therefore dissolve 

the valuable components.

Flotation The separation of mineral fractions using chemical 

solutions that differentiate between the physical and 

chemical properties of each species.

Gangue Economically valueless or sub-economic minerals in an 

ore that are separated from the gold during mineral 

processing.

Grinding Machines at the last stage of comminution that 

reduce ore particles a fine product size. Grinding relies 

on impact and abrasion to cause size reduction.

Heap Leaching The recovery of values through the use of an 

impervious pad to collect leachate that has trickled 

through an ore pile.

Liberation Valuable minerals that have been separated from the 

gangue are said to be liberated.
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Term

Lixiviant

Metallurgical recovery

Middlings

Mineral Processing

Ore deposit

Overburden

Oversize

Description

A solution used to selectively dissolve the gold from the 

gangue during hydrometallurgical recovery. The 

solution is composed of a number of complimentary 

components, including: (a) the lixiviant ion responsible 

for complexing with the gold, (b) acid or alkali buffers 

to maintain solution pH, and (c) additional 

compounds promoting the dissolution of gold. Other 

chemicals may be added and /  or substituted 

depending on the mineralogy of the ore containing 

the gold.

The chemical processing of concentrate produced by 

mineral processing to separate the valuable metals 

from other compounds in the concentrate.

Ore fraction containing both values and gangue 

minerals locked together within the ore particle. 

Hence further comminution is required to completely 

liberate this fraction of the values.

The physical processing of ore to liberate valuable 

minerals from the gangue.

Areas where one or more minerals are found at 

economically exploitable grades.

Non-mineralised soil and rock that is removed to reach 

the ore deposit.

Ore whose diameter exceeds that which can pass 

through an ore screen, and hence is returned for 

further size reduction as part of the circulating load.
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Term Description

Pregnant Leachate A chemical solution containing valuable components 

that have been recovered during leaching

Refractory Resistant to conventional metallurgical recovery 

techniques.

Roasting The high-temperature treatment of an ore to remove 

refractory minerals and hence improve the fraction of 

values recovered.

Run-of-Mine Ore delivered from the mine but prior to any treatment 

in the mill. Run-of-mine can also be used to describe 

the average grade of ore produced by a mine.

Slimes Ore particles produced by over-grinding that are too 

small to processed further. Valuable minerals 

contained in the fines are therefore lost from the 

circuit.

Stripping Ratio The ratio of waste rock to ore that is produced during 

mineral extraction. A high stripping ratio is indicative of 

surface mining operations.

Tails Waste containing both gangue and values. In contrast 

to the middlings, the mineralogy or concentration of 

values means it is not economically viable to process 

the tails further.

Troy Ounce Units of mass used to measure gold production. One 

Troy Ounce equals 32 grammes.



339 GLOSSARY

Term Description

Values Economically valuable components of an ore. Their 

percentage composition in an ore body (by weight) is 

referred to as the ore grade.

Vat Leaching The recovery of values through the use of vats 

containing slurried ore in contact with the lixiviant.

Waste rock Material containing mineral concentrations below the 

cut-off grade.
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Abbreviation Description

ANP Acid Neutralisation Potential

AP Acidification Potential

ARD Acid Rock Drainage

AVR Acid Volatilisation and Recovery

BAT Best Available Technology

BATNEEC Best Available Technology Not Entailing Excessive Cost

BEO Best Environmental Option

BPEO Best Practicable Environmental Option

BSI British Standards Institute

CIC Carbon-in-Column

CIL Carbon-in-Leach

CIP Carbon-in-Pulp

DOSE Dictionary of Substances and their Effects

DTI Department of Trade and Industry

EA United Kingdom Environment Agency

GWP Global Warming Potential

IPPC Integrated Pollution Prevention and Control

ISO International Standards Organisation

LCA Environmental Life-Cycle Assessment

LCI Life-Cycle Inventory Analysis

NCV Net Carbonate Value

NOE No Observable Effect

PAQP Poor Air Quality Potential

PDE Partial Differential Equation

PIT Potential Ionic Toxicity

POCP Photochemical Ozone Creation Potential

RMM Relative Molecular Mass

SD Sustainable Development

SETAC Society for Environmental Toxicology and Chemistry

STE Short Tonne Equivalent
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Abbreviation Description

STP Standard Temperatures and Pressures

TBR Trickle Bed Reactor

UNEP United Nations Environment Program

USEPA United States Environmental Protection Agency

UV Ultra-Violet (light)

VBA Visual Basic for Applications

VOC Volatile Organic Compound

WAD Weak Acid Dissociable

WCED World Commission on Environment and Development

WET Whole Effluent Toxicity

WHO World Health Organisation



APPENDIX D. NOMENCLATURE

Term Description Units

a Assay value percent

A Component activity mol.drrr3

B Environmental burden arbitrary units

C Current concentration mol.drrr3

C New concentration mol.drrr3

D Bulk density dimensionless

e Emission factor arbitrary units

E Equilibrium concentration mol.drrr3

F Component fraction dimensionless

G Gas component partial pressure Pa

k Rate constant mol.dm^.s-1

K Expression constant arbitrary units

1 Gold grain size metres

L Particle size metres

m Gold grade kg. kg-1

M Component mass kg

M' Mass transfer of component into solution kg.s-1

N Molar value moles

P Fracture probability mol.dm-3

P Pressure Pa

R Stoichiometric ratio dimensionless

S Component surface area m2

S Separation efficiency percent

t Time seconds

T Temperature Kelvin

V Volume m3

W Work input MJ.kg*1

W Bond Work index kWh.short tonne*1

Z Environmental effect arbitrary units
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Subscript Description

a Acid dissociation constant

A, B, C, D Component ions

AB, CD Compounds

b Base dissociation constant

c Solution equilibrium constant

F Material feed

g Gangue

G Gold

H Mineral fraction

1 Intra-granular fracture

O Ore

P Gas equilibrium constant

P Material product

R Reagent

s Sparing solubility constant

T Trans-granular fracture

X Components reacting during leaching

Symbol Description Units

a Solution component flux mol.s-1

e Relative Molecular Mass grammes

71 Pi dimensionless

a Probability dimensionless

P Density kg.nrr3

<P Component porosity constant grammes

* Proportion of a mineral that has reacted dimensionless

Y Henrian coefficient at infinite dilutions dimensionless



APPENDIX E. COMPONENT PROPERTIES

Data on chemical components used in EPIGOLD are given in Table E.l. The table 

lists a number component properties; not all of these are applicable or are used 

by EPIGOLD to define a particular component, For example, density is only used 

in relation to mineral components while AP and GWP are only used for the 

products of electricity generation.

The following headings are used in the table:

2. Name. Component name. Where this refers to a compound the common 

name is used.

3. Type. A class name used by the database to identify different components.

4. RMM. The Relative Molecular Mass (grammes).

5. Density. Mineral components require densities for ore mass calculations. 

These data were obtained from Donoghue (1976). Where data have been 

given as specific gravity, the following equation has been used for the 

conversion:

Px = SG t2 *  Pwater X 1000 (Equation E. 1)

where: pxis the density of mineral component x (kg.nv3);

P w a te r  is the density of water (g.cm*3);

SG is the specific gravity;

tl is the temperature at which the specific gravity is quoted; 

t2  is the temperature at which the density of water is quoted 

(assumed to be lg.crrr3).

These data are converted to kg.m-3 for data tables given in EPIGOLD.

6. Porosity. Wen et al (1996:221) observed that ore porosity is influenced by the 

mineral species present. This research is used to guide the porosity values 

assigned to mineral species within EPIGOLD, which are expressed as a 

fraction.
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7. Net Carbonate Value (NCV). The fraction of active components (sulphur 

and carbon dioxide) contained within each mineral, expressed as a fraction 

of one.

8. Toxicity Threshold Values (TV). The toxicity value for the soluble component. 

Unless indicated, theses data are obtained from Craig (1989) and have been 

converted to mol.dm-3 using the following equation:

JVs
RMM

TVnew = (Equation E.2)

where: TVnew is the new toxicity value (mol.dm-3);

TVold is the new toxicity value (mg. I*3);

RMM is the relative molecular mass of the compound (grammes). 

Where a threshold value has been entered as zero this indicates that the 

toxicity is controlled by one or more solution parameters (for example, pH).

9. Poor Air Quality Potential (PAQP). The tendency of components to contribute 

to poor air quality at low levels. Unless indicated, the value refers to the 

Photochemical Ozone Creation Potential of the compound. Data is 

obtained from EA (1997b:59).

10. Acidification Potential (AP). The tendency of compounds to contribute to the 

acidification of surface waters via the dissolution in rainfall. Data are 

obtained from Potting, Schopp, Blok, & Hauschild, M. (1998:68).

11. Global Warming Potential (GWP). Atmospheric components which it is 

recognised may reflect significant levels of infra-red radiation re-emitted 

from the earth's surface. All values are expressed relative to carbon dioxide, 

which has a GWP value of 1. Data is obtained from EA (1997b:57).
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Table E.l EPIGOLD components.

Name Formula Type RMM Density Porosity NCV TV PAQP AP GWP

Ammonia NH3(aq) Compound 17.04 - - - - - - -

Ammonium NH4+(aq) Cation 18.05 - - - - - - -

Arsenic AS3+(aq) Cation 74.92 - - - 1.33x10-o1 - - -

Arsenic acid H3As04(aq) Compound 141.95 - - - - - - -

Arsenic trioxide AS2O3 Gas 197.84 - - - - - -

Arsenopyrite FeAsS(S) Mineral 162.84 6100 .1 - - - - -

Aurocyanide Au(CN)2'(aq) Anion 249.01 - - - - - - -

Aurothiosulpate Au(S203)23‘(aq) Anion 421.25 - - - - - -

Calcite CaC03(s) Mineral 100.09 2700 .5 0.44 - - - -

Calcium hydroxide Ca(OH)2(s) Compound 74.10 - - - - - - -

Calcium sulphate CaS04(s) Compound 136.15 - - - - - - -

Calcium(ll) Ca2+(aq) Cation 40.08 - - - - - - -

Carbon dioxide C02(g) Gas 44.01 - - - - - - 1

Carbon monoxide CO(g) Gas 28.01 - - - - - - -

Carbonate C032‘(aq) Anion 60.01 - - - - - - -

Carbonic acid H2C03(aq) Compound 62.03 - - - - - - -
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Name Formula Type RMM Density Porosity NCV TV PAQP AP GWP

Chalcocite CU2S(s) Mineral 159.16 5800 .1 -0.28 - - - -

Chalcopyrite CuFeS2<s) Mineral 183.52 4200 .1 -0.48 - - - -

Chloride Cl"(aq) Anion 35.45 - - - - - - -

Copper hydroxide Cu(OH)2(s) Compound 97.57 - - - - - - -

Copper hydroxo Cu(OH)3'(aq) Anion 114.58 - - - - - - -

Copper sulphate Cu(SO)4(s) Compound 159.62 - - - - - - -

Copper(ll) Cu+(aq) Cation 63.55 - - - 0 - - -

Cuprite CU20(s) Mineral 143.09 6000 .8 0 - - - -

Cyanate OCN~(aq) Anion 42.02 - - - 0 - - -

Cyanide CN“(aq) Anion 26.02 - - - - - - -

Ferric hydroxide Fe(OH)3(aq) Compound 106.88 - - - - - - -

Ferric sulphate Fe2(S04)3(s> Compound 399.91 - - - - - - -

Ferric arsenate FeAs04(s> Compound 194.77 - - - - - - -

Ferrous hydroxide Fe(OH)2(s) Compound 89.87 - - - - - - -

lron(ll) Fe2+(aq) Cation 55.85 - - - - - - -

Gold Au(s) Compound 196.97 - - - - - - -

Haematite Fe203(s) Mineral 159.7 5300 .8 0 - - - -
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Name Formula Type RMM Density Porosity NCV TV PAQP AP GWP

Hexacyanoferrate Fe(CNy-(aq) Anion 211.97 - - - - - - -

Copper ferrocyanide Cu2 (Fe(CN)6)(S) Compound 339.07 - - - - - - -

Nickel ferrocyanide Ni2 (Fe(CN)6)(S) Compound 329.35 - - - - - - -

Zinc ferrocyanide Zn2(Fe(CN)6)<s) Compound 342.75 - - - - - - -

Hydrochloric acid HCI(aq) Compound 36.46 - - - - - - -

Hydrocyanic acid HCN(aq) Compound 27.03 - - - 1 .1 1 x1 0 -0 ’ - - -

Hydrogen carbonate HC03‘(aq) Anion 61.03 - - - - - - -

Hydrogen peroxide H20 2(D Compound 34.02 - - - - - - -

Hydrogen sulphate HS04'(aq) Anion 97.08 - - - - - - -

Hydroxide OH‘(aq) Anion 17.01 - - - - - - -

Hydroxonium H 3 O +(cx0 Cation 19.03 - - - - - - -

Methanal HCHO®)® Gas 30.03 - - - - 55.4 - -

Methane CH4(g) Gas 16.05 - - - - 3.4 - 21

Millerite NiScs) Mineral 90.76 5300 .1 -0.48 - - - -

Nickel hydroxide Ni(OH)2<s) Compound 92.71 - - - - - - -

Nickel hydroxo Ni(OH)3-(aq) Anion 109.72 - - - - - - -

Nickel oxide NiO(s) Mineral 74.69 6400 - - - - - -



349 COMPONENT PROPERTIES

Name Formula Type RMM Density Porosity NCV TV PAQP AP GWP

Nickel(ll) Ni2+(aq) Cation 68.69 - - - - - - -

Nitrate NH4+(aq) Cation 18.05 - - - - - - -

Nitric oxide NO(g) Gas 30.01 - - - - -42.7 - -

Nitrite N02‘(aq) Anion 46.01 - - - - - - -

Nitrogen dioxide N02(g) Gas 46.01 - - - - 2 .8 0.92 -

Nitrous acid HN02(aq) Compound 47.02 - - - - - - -

Oxygen 0 2 (g) Gas 32.00 - - - - - - -

Particulates PM-10 Compound (A) - - - - 1 .0 (C) - -

Pyrite FeS2(s) Mineral 119.99 5100 .1 -0.73 - - - -

Quartz Si02(s> Mineral 60.08 2650 .8 0 - - - -

Smithsonite ZnC03(s> Mineral 125.40 4400 .5 0.35 - - - -

Sodium chloride NaClcs) Compound 58.44 - - - - - - -

Sodium cyanide NaCNcs) Compound 49.01 - - - - - - -

Sodium hydroxide NaOH(aq> Compound 40.00 - - - - - - -

Sodium thiosulphate Na2S203(s) Compound 158.12 - - - - - - -

SodiumO) Na+(aq) Cation 22.99 - - - - - - -

Sphalerite ZnScs) Mineral 97.46 4000 0 .1 -0.45 - - - -
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Name Formula Type RMM Density Porosity NCV TV PAQP AP GWP

Sulphate(ll) S042‘(aq) Anion 96.07 - - - - - - -

Sulphur dioxide S02(g) Gas 64.07 - - - - 4.8 1.94 -

Sulphuric acid H2S04(aq) Compound 98.09 - - - - - - -

Tetracyanocuprate Cu(CN)42'(aq) Anion 167.63 - - - - - - -

Tetracyanonickelate Ni(CN)42'(aq) Anion 162.77 - - - - - - -

Tetracyanozincate Zn (CN)42+(aq) Anion 169.47 - - - - - - -

Thiocyanate SCN*(aq) Anion 68.09 - - - 3.44x10+00 - - -

Thiosulphate S2032'(aq) Anion 112.14 - - - - - - -

Water H2O© Compound 18.02 - - - - - - -

Zinc hydroxide Zn(OH)2(s) Compound 99.41 - - - - - - -

Zinc hydroxo Zn(OH)3'(aq) Anion 116.42 - - - - - - -

Zinc(ll) Zn2+(aq) Cation 65.39 - - - 0 - - -

Zincite ZnO(s) Mineral 81.39 6700 .8 0 - - - -
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w These entries represent a class of similar compounds. Hence no RMM is given.

® Methanal has been used here to represent volatile organic compounds in general, 

to The value refers to Smog Creation Potential (SCP).



APPENDIX F. CHEMICAL ACTIVITY

Th© activity of chemical components is defined by various constants. A summary 

is given below; full details are available in the main text.

Ks represents the activity of insoluble components in aqueous solution. It can be 

defined as:

where: Ks is the solubility constant33;

A+ is the cation concentration (mol.dm-3);

B+ is the anion concentration (mol.dm-3);

Nb is number of moles of anions in the compound.

Kc represents the activity (or tendency to dissociate) of aqueous components in 

solution. It can be defined as:

where: Kc is the dissociation constant (arbitrary units);

AB is the soluble component concentration (mol.dm-3).

Ka and Kb are special cases of Kcthat represent acid /  base equilibria. Ka can be 

defined as:

Ks = MH (Equation F.l)

.  [AB] (Equation F.2)

(Equation F.3)

where: Ka is the acid dissociation constant (mol.dm-3);

AB is the soluble ion concentration (mol.dm-3).

Kb can be defined as:

33 The units of Ks vary depending on the number of moles of anion and cation In the expression. For 

example, the dissociation of a  single cation and two anions gives units of mol.dm-3 x (mol.dm-3)2 = 

moP.dmA
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K„ = p ^ ]  (Equation F.4)

where: Kb is the base dissociation constant (mol.dm-3).

Table F. 1 gives the Ks values for mineral components used in EPIGOLD. The units 

of Ks depend on the compound stochiometry, and hence depend on the 

equilibrium in question. Each value has been obtained for dilute aqueous 

solutions at 298K.

Table F.l Solubility of mineral compounds.

Compound Formula Ks Reference

Calcite CaC03 4.9x10- 10 Housecraft & Constable, 1997:617

Chalcocite Cu2S 1.4x10 04 Housecraft & Constable, 1997:617

Chalcopyrite CuFeS2 1.4x10-04 (B)

Cuprite CU2O 0 (A)

Millerite NiS 2 .0 0 x1 0 -25 (D)

Pyrite FeS2 6 .0 0 x1 O*19 Housecraft & Constable, 1997:617

Silicon dioxide Si02 0 (A)

Smithsonite ZnC03 4.9x10-10 (C)

Sphalerite ZnS 2.00x1 O'25 Housecraft & Constable, 1997:617

Zincite ZnO - (A)

w This compound is assumed to be inert at neutal pH values 

® The activity of this compound is assumed to be the same as chalcocite 

The activity of this compound is assumed to be the same as calcite 

The activity of this compound is assumed to be the same as sphalerite 

Table F.2 gives the equilibria used to represent acids and bases. The column 

marked 'pair' refers to the conjugate acid /  base pair in the equilibrium. Ka or Kb 

values given as '<*' refer to compounds that are assumed to dissociate 

completely in solution.
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Table F.2 Acid /  base equilibria.

Compound Pair Ka Kb Reference

Ammonia NH4+ - 1.80x1 O'05 Housecroft & Constable, 
1997:537

Carbonic
acid

HCOs- 4.30x1 O'07 - Housecroft & Constable, 
1997:535

Hydrocyanic
acid

CN- 4.90x10-10 - Housecroft & Constable, 
1997:535

Hydrogen
carbonate

CO32- 5.60x1 O*11 - Housecroft & Constable, 
1997:535

Sodium
hydroxide

Na+ - OC Housecroft & Constable, 
1997:535

Sulphuric
acid

HSO4- o c - Housecroft & Constable, 
1997:535

Hydrogen
sulphate

S042' 1 .2 x10-02 - Housecroft & Constable, 
1997:536

Table F.3 gives the activity of sulphur dioxide and carbon dioxide when dissolved 

in solution. Both form an equilibrium with their acid counterpart, so solutions 

contain both the dissolved gas and products of hydrolysis.

Table F.3 Gas activity.

Gas Acid Kc Kc Reference

Carbon dioxide H2CO3 1 . 7 X 1 0 - 0 3 Housecroft and Constable, 1 9 9 7 : 6 4 0

Sulphur dioxide H2SO4 1 . 3 x 1  O'02 Housecroft and Constable, 1 9 9 7 : 6 8 1

Table F.4 gives component concentrations that influence the leaching rates of 

lixiviants characterised in EPIGOLD. The rate of gold dissolution is assumed to be 

first order and positive for each component; the leaching rate drops to zero 

when the component concentration (represented by (C) in the table) is zero. 

Except where indicated, data are compiled from empirical information provided 

by Caixia & Qiang (1991) and Sparrow & Woodcock (1995).
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Table F.4 Gold leaching rates.

Component Cyanide (C) /  mol.dm-3 Thiosulphate (C) /mol.dm-3

O 2 lx lO 05 lxlO -05

CN* 0 .2 -

S2O 32- - 0.7

N H 4+ - 1.5

Cu+ 0.78

Table F.5 gives the reactions used to characterise the cyanide anion. Where a 

specific reaction is assumed to occur instantaneously the value for Kr is omitted. 

Where a reaction occurs to completion the value for Kc is omitted.

Table F.5. Cyanide ion characteristics.

Complex lon Kc Kr Kr Reference Kc Reference

NaCN z Q + - - - -

Fe(CN)64* Fe2+ lxlO *52 3.89x1 O*05 Simovic et al, 
1984:421

Smith & Mudder, 
1991:12

C u(CN)32- Cu+ 5x10-28 8.6XIO05 Simovic et al, 
1984:421

Smith & Mudder, 
1991:12

Ni(CN)42- Ni2+ lxlO -22 1.1x10-05 Simovic et al, 
1984:421

Smith & Mudder, 
1991:12

Zn(CN)42- Zn2+ 1.3x10_17 4.94x1 O'04 Simovic et al, 
1984:421

Smith 8c Mudder, 
1991:12
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Table F.6  gives the solubility of metal hydroxides. These are assumed to dissociate 

completely once in solution. Hydroxo complexes formed at higher pH values are 

assumed to remain soluble, and are represented by a Kc value.

Table F.6  Metal hydroxide stability.

Metal ion Hydroxide Hydroxo Ks Kc Reference

Fe2+ Fe(OH) 2 - 4.90x1 O*17 - Kyle, 1997:164

Zn2+ Zn (OH)2 Zn(OH)3- 2.00x1 O' 17 1.26x10_14 Kyle, 1997:164

Ni2+ Ni(OH) 2 Ni(OH)3- 6.31 xlO*18 lxlO *12 Kyle, 1997:164

Cu2+ Cu(OH) 2 Cu(OH)3- 1.99x1 O' 19 lx l O’ 15 Kyle, 1997:164



APPENDIX G. ORE CHARACTERISATION

Table G.l gives mass proportions of mineral components used to represent each 

ore type characterised in EPIGOLD. These data are based on information 

provided by the USEPA (1994b: T10), Ubaldini et al (1998:115), Barr and Acton 

(1998:41) and on tables of elemental abundance compiled by Hayes (1993:19- 

21). For each ore type the remaining mass fraction is assumed to be composed 

of inert silicates (represented by quartz).

Table G.l Mass proportions of mineral components.

Component Normal /  % Sulphidic /  % Oxidised /%

AsFeS 5.00x10-o1 1.50X10-01 l.OOxlO05

Au All ores 9.0x1 O'04 to 6.9x1 O'03

CaCC>3 5.00 1 .0 0 8 . 0 0

CU20 5.00x10-02 l.OOxlO-03 8 .0 0 x10 -02

CU2S 1.00x1 O’02 5.00x1 O'03 l.OOxlO*03

CuFeS2 1 .0 0 x 10 -o1 l .lx l O'01 l.OOxlO01

FeS2 7.00x1 a 01 1.80X10-01 2 .0 0 x10 01

NiS l.OOxlO-02 5.00x10-02 l.OOxlO*03

Si02 9.X10+01 9.4x10+01 9.2x10+01

ZnC03 l.OOxlO-01 5.00x10-02 5.00x1a02

ZnO 1.00x1 O'02 5.00x10-03 5.00x10*02

ZnS 5.00x1 O'03 2 .0 0 x 10 -02 l.OOxlO-03



APPENDIX H. WORK INDICES

Table H.l gives data used in EPIGOLD to represent grinding energy required for 

different mineral types during size reduction. The data is given in the form of a 

Bond Work Index.

Table H.l Bond Work Indices.

Material type Work Index /  kWh.ste-1 Reference

Barite 4.73 Wills, 1997:113

Dolomite 11.27 Wills, 1997:113

Emery 56 Hayes, 1993:62

Feldspar 13 Hayes, 1993:62

Ferro-silicon 1 0 .0 1 Wills, 1997:113

Galena 13 Hayes, 1993:62

Granite 15.13 Wills, 1997:113

Graphite 43.56 Wills, 1997:113

Iron ore 17 Hayes, 1993:62

Limestone 12.74 Wills, 1997:113

Phosphate rock 11 Hayes, 1993:62

Quartz 13.57 Wills, 1997:113



APPENDIX I. GAS SOLUBILITY

Some model components require the solubility of gases to be calculated, 

specifically for: (a) oxygen during gold dissolution, and (b) carbon dioxide during 

natural polishing. The values used in EPIGOLD are given in Table 1.1; explanatory 

text and data sources are given following the table.

Table 1.1 Gas solubility.

Gas Solubility /  mol. dm-3 Gas transfer /  mol.m-2.s-1

Carbon dioxide 3.3x10-03 9.02x10-06

Oxygen 2.3x10-05 9.02x10-06

DOSE (1993:188) provide information on the solubility of carbon dioxide. At 

standard temperatures and pressures it quotes a solubility of 0.145g.N. This is 

equivalent to 3.3x1 CH^mol.drrv3.

IUPAC (1981:1) provide data for the solubility of oxygen across a range of 

temperatures at standard pressures (101.32 kPA). The following relationship was 

given:

Ln(O2) = -66 .73538+^^+24.45264xln (T /100) (Equation 1.1) 

Therefore at standard temperatures the solubility of oxygen is assumed to be:

(Equation 1.2)i = EXP̂ -6 6 .;

(02) = 2.3E"°5 mol.dm’ 3

(02) = EXP| -66.73538+| |̂ ^ - + 24.45264x ln(298/l 00)

This is reasonably close to data quoted by Sparrow and Woodcock (1995:203), 

who give the solubility of oxygen at sea level and at ambient temperatures to be 

8 mg.N. This is equal to 2.5x1 O^mol.dm-3.

Each gas transfer co-efficient is based on empirical data provided by Simovic et 

al (1984:414), and for the purposes of this research is assumed to be the same as
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hydrocyanic acid. The limitations of this approach were discussed in the 

Conclusions and Further Work.



APPENDIX J. POWER GENERATION

The following data are used in EPIGOLD for emissions resulting from the 

combustion of diesel and generation of grid electricity from power stations 

combusting fossil fuels.

The USEPA publish emission factors for diesel engines (USEPA, 1995). These are 

given in Ib.MMBTU' 1 (pounds of emission per million British thermal units), and 

were converted to kg.MJ-1 for EPIGOLD. Given that there are 0.45kg per pound 

and 1050MJ per MMBTU, the formula used was:

kg.MJ-' = Ib.MMBTU-' (Equation J.l)
1050

The original and converted values used in EPIGOLD are given in Table J.l. 

These data were compared to life-cycle inventory data given by Creuterick and 

Spirinckx (1997:Annex 5), which shows similar trends in the relative quantities of 

each emission.

Table J.l Data used for diesel emissions.

Emission Ib.MMBTUM kg.MJ■» ® kg per 40.9MJ (Q kg per 40.9MJ &

C O 9.50x1 O'01 4.07x10 -04 8.05x10-03 1.67x10®

C O 2 1.65xl0+03 7.7x10-02 2.82x10 +o° 2.89x10+0°

NOi-x 4 .41xl0+00 1.89x10-“ 1.07x10-02 7.73x10-02

PM-10 3 .1x l0+00 1.33x10“ 1.75x10-03 5.43x10-03

R-CHO 7.00x10-02 3.00x10-“ -  (E) 1.23x10-03

SO2 2.9x10+0° 1.24x10-“ 3.23x10-03 5.08x10-03

(A> Data converted from USEPA (1995).

® Data converted for EPIGOLD.

Data from Ceuterick and Spirinckx, (1997:Annex A). 

Data from EPIGOLD converted to kg per 40.9MJ.

® No data provided, and emission assumed to be 0 kg.
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The Department of Trade and Industry (1997:217) provides emission data for 

three different type of power station that use fossil fuels. These are given in Table 

J.2. Mean figures were calculated for use in EPIGOLD to represent emissions from 

grid electricity generation; these are given in the right hand column.

Table J.2 Data used for grid electricity.

Emission Gas

g.GJ-iw

Oil

g.GJ-'W

Coal

g.GJ-'M

Average

g.GJ-1

Average

kg.MJ-1®

CH4 4.00x10+0° 3.00x10+0° 1.70xl0+01 8.00x10+0° 8.00x10-06

CO 5.00x10+00 1.50xl0+01 2.20x10+02 8.00x10+01 8.00x10-05

CO2 1.40X10+04 1.90xl0+04 2.50x10+04 1.93x10+M 1.93x10-02

NOi-x 6.50x10+01 1.40xl0+02 2.70x10+02 1.58xl0+02 1.58x1004

PM-10 0 1.70xl0+01 5.10xl0+01 2.26x10+01 2.27x10 05

SO2 0 5.90x10+02 9.40x10+02 5.10xl0+02 OlxlO-04

Data from DTI (1995:217).

® Averaged data converted for EPIGOLD.



APPENDIX K. POWER CONSUMPTION

EPIGOLD makes various assumptions concerning the power consumption of 

major unit processes in the system. Given the eventual presentation of data with 

respect to the functional unit, power consumption is expressed per unit mass of 

ore or slurry processed in the system. These data are based on a table of 

operating parameters presented by Botz and Stephenson (1995:15), and all 

assume continuous (24-hour) operation at 2500 tonne.day-1 (2.5x1 O'06 kg.day-1).

The vat leaching process is assumed to consume lSOkW.day*1, equivalent to 

operations such as the INCO SO2/AIR cyanide destruction process; the literature 

indicates power is principally required for slurry agitation, either via impellers or 

air spargers.

A similar power input was assumed for the BIOX slurry pre-treatment. The power 

input per kg ore treated was determined by assuming 35 percent solids by mass 

in the feed. The data calculated are given in Table K.l.

Table K. 1 BIOX power consumption.

Component Data Dimensions

Input 2 . 5 0 x 1 0 + 0 3 tonnes.day-1

Solids in feed 3 . 5 0 x 1 0 +01 percent

Total solids 8 . 7 5 x 1 0 + 0 2 tonnes-day1

lbs in a ton 2 . 2 0 x 1 0 + 0 3 pounds

Total solids 8 . 7 5 x 1 0 + 0 5 kg solid.day- 1

Power input 1 . 5 0 x l 0 + 0 2 kW.day*1

Input per unit mass 1 . 7 1 X 1 0 - 0 4 kW.kg*1

A significantly higher energy consumption was assigned to ore roasting. Given 

that processes such as Cyanisorb may consume 400kW in 24 hours (Botz and 

Stephenson, 1995:15) and that roasting is a thermal process, an arbitrary figure of
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1MW was assumed for roasting of the equivalent mass of ore. The data 

calculated for this process are given in Table K.2.

Table K.2 Roasting power input.

Component Data Dimensions

Input 2.50x10+03 tonnes.day*1

Solids in feed 3.50x10+01 percent

Total solids 8.75x10+02 tonnes.day-1

lbs in a ton 2 .2 0 x10 +03 pounds

Total solids 8.75x10+05 kg solid.day*1

Power input 1 .0 0 x l0 +03 kW.day-1

Input per unit mass 1.14x1 O'03 kW.kg-1

Power consumption for the three effluent treatment processes -  Cyanisorb, INCO 

SO2/AIR and Degussa Peroxide Oxidation -  was calculated per litre of solution 

processes. Data given by Botz and Stephenson (1995:15) was given for an 

influent flow-rate of 250 gallons per minute, and this was converted for the three 

processes to give a value per litre. These data are given in Table K.3.

Table K.3 Effluent treatment power input.

Component INCO Degussa Cyanisorb Dimensions

Input 2 . 5 0 x 1 0 + 0 2 2 . 5 0 x 1 0 + 0 2 2 . 5 0 x 1 0 + 0 2 gallons.min*1

Input 3 . 6 0 x 1 0 + 0 5 3 . 6 0 x 1 0 + 0 5 3 . 6 0 x 1 0 + 0 5 gallons.day-1

Input 1 . 3 6 X 1 0 + 0 6 1 . 3 6 x l 0 + 0 6 1 . 3 6 X 1 0 + 0 6 litres.day*1

Power 4 . 0 0 x 1 0 + 0 2 1 . 5 0 x l 0 + 0 2 1 . 0 0 x l 0 + 0 2 kW.day1

Power input 2 . 9 3 x 1 0 - 0 4 1 . 1 0 x 1 0 -0 4 7 . 3 4 x 1 0 - 0 5 kW.N



APPENDIX L. RAW DATA

The following data show the materials mass balance for each experiment 

option. The system mass balance is calculated with respect to the functional unit 

(per functional unit).

A.l EXPERIMENT#!
Table L.1 Leach feed and products.

Component Feed /  moles Product /  moles

Aurocyanide 2 .0 2 x10+02

Carbon dioxide 7.46x10-"

Carbonate 2.76x10+03

Carbonic acid 2.26x1 O'08

Cyanide 6 .0 0 x10 03 5.69x10+03

Ferrous hydroxide 6.78x1 O'07

lron(ll) 3.1 lx lO *10

Gold 2.74x10+02 7.19x10+01

Hexacyanoferrate 4.78x1 0 °i

Hydrocyanic acid 2.29x10-01 3.68x1 O'01

Hydrogen carbonate 1.55x10+0°

Hydrogen sulphide 9.53x1a09

Hydroxide 1.60xl0+04 9.48x10+03

Hydroxonium 6.00x1 O' 10 9.50x10-’O

Oxygen 6.90x10-01

Pyrite 4.78x10-01

Quartz 8.92x10+05 8.92x10+05

Smithsonite 2.76x10+03 0 .0 0 x1 0 +0°

Sodium(l) 2.10x10+04 2.10x10+04

Sulphide(ll) 9.55x10-01

Thiocyanate 2.31x1004

Zinc hydroxide 2.76x10+03

Zinc hydroxo 1.17x101°
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Component Feed /  moles Product /  moles

Zinc(ll) 6.30x10-12

Zincite 1.97x10+02 1.97x10+02

Table L.2 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 7.46x10-11 1.28xlO+oi

Carbonate 2.76x10+03 1.36x10+02

Carbonic acid 2.26x10-08 2.99x10+03

Cyanide 5.69x10+03 3.88x10-09

Iron(ll) 3.11x10-10 1.07x1 O'06

Hexacyanoferrate 4.78x10-01 4.78x10-01

Hydrocyanic acid 3.68x10-0! 5.40x1008

Hydrogen carbonate 1.55x10+0° I.O8XIO+04

Hydrogen sulphide 9.53x10-09 9.53x10-09

Hydroxide 9.48x10+03 2.30x10-02

Hydroxonium 9.50x10-1° 3.91x1004

Oxygen 6.90x10-01 6.90x10°’

Sodium(l) 2.10x10+04 2.10x10+04

Sulphide(ll) 9.55x10-°’ 9.51x1001

Tetracyanozincate 0.00x10+0°

Thiocyanate 2.31x1004 4.53x10-03

Zinc hydroxo 1.17x10-1° 1.17x101°

Zinc(ll) 6.30x10-12 6.30x1012

Table L.3 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 4.34x10+01

TOTAL LEACHED ORE OUTPUT 4.31x10+01

Calcite 1.39x10+02 1.39x10+02

Carbon dioxide 1.70x10+0°

Carbon monoxide 7.28x10-03
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Component Inputs /  kg Outputs /  kg 

6.56x10-03Carbonate

Carbonic acid 1.49x1 O'01

Cyanide 1.26x1 O'01

lron(ll) 4.81x1a11

Hexacyanoferrate 8.15x1a05

Hydrocyanic acid 4.98x10-06

Hydrogen carbonate 5.30x1 O'01

Hydrogen sulphide 2.54x1 a 13

Hydroxide 2.05x1a01

Hydroxonium 9.18xia16

Methanal 3.30x10-03

Methane 6.43x10-04

Nitric oxide 8.34x1a03

Nitrogen dioxide 8.34x10-03

Oxygen 1.78x1a05

Particulates 2.10x1a03

Pyrite 1.83x1 O'03 1.78x1a03

Quartz U lx lO *03 1.71X10+03

Smithsonite 1.10xl0+01 1.08xl0+01

SodiumO) 3.88x10-01

Sulphide(ll) 2.45x1 O'05

Sulphur dioxide 4.13x10-02

Tetracyanozincate 0.00x10+00

Thiocyanate 2.12xl0-°7

Zinc hydroxo 1.10x1 O'14

Zinc(ll) 3.31x1 O'16

Zincite 5.12x1a01 5.12x1a01
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A.2 EXPERIMENT #2

Table L.4 Leach feed and products.

Component Feed /  moles Product /  moles

Ammonia 6.09x10+04 5.25x10+04

Ammonium 1.80xl0+02 8.61 x l0 +03

Aurothiosulphate 1.76xl0+02

Carbon dioxide 1.16xlCH»

Carbonate 1.05X10+03

Carbonic acid 3.53x10 01

Copper hydroxide 9.14xl0+01 2.40x10+03

Copper hydroxo 3.29x10-15

Copper thiosulphate 1.58x10-29

Copper(ll) 2.31xl0+03 4.97x1 CK37

Ferrous hydroxide 4.78x10-01

lron(ll) 1.22x10-04

Gold 2.74x10+02 9.84x10+01

Hydrogen carbonate 1.71X10+03

Hydrogen sulphate 1.64x1 O'07 1.64X1CH57

Hydrogen sulphide 9.56x100!

Oxygen 6.90x10 01

Pyrite 4.78x10-01 0.00x10+0°

Quartz 8.92x10+05 8.92x10+05

Smithsonite 2.76x10+03 0.00x10+0°

SodiumO) 9.00x10+03 9.00xl0+03

Sulphate(ll) 2.40x10+03 2.40x10+03

Thiosulphate 4.50x10+03 4.15x10+03

Zinc hydroxide 2.76x10+03

Zinc hydroxo 4 .1 4 x l0 14

Zinc thiosulphate 3.92x10 19

Zinc(ll) 4.99x1 O'05

Zincite 1.97x10+o2 1.97x10+02
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Table L.5 Pond feed and products.

Component Feed /  moles Product /  moles

Ammonia 5.25x10+04 4.01X10*04

Ammonium 8.61 xl0+03 2.10x10+04

Carbon dioxide 1.16x1 O'03 3.21X10+00

Carbonate 1.05xl0+03 2.09x10+03

Carbonic acid 3.53x10-01 1.55xl0+01

Copper hydroxo 3.29x1 O'15 3.30x10-15

Copper thiosulphate 1.58X10*29 1.58x1 O'29

Copper(ll) 4.97x1 O'07 4.97x10-07

lron(ll) 1.22x1 O'04 1.22x1 O'04

Hydrogen carbonate 1.71xl0+03 1.20xl0+04

Hydrogen sulphate 1.64x1 O'07 1.64x1 O'07

Hydrogen sulphide 9.56x10-0! 9.56x10-o1

Hydroxide 3.29x10+0° 6.51 xlO-01

Hydroxonium 2.74x10-06 1.38x1 O'05

Oxygen 6.90x1 O'01 6.90x10-0!

SodiumO) 9.00x10+03 9.00x10+03

Sulphate(ll) 2.40x10+03 2.40x10+03

Thiosulphate 4.15xl0+03 4.15xl0+03

Zinc hydroxo 4.14x1 O'14 4.16x10-14

Zinc thiosulphate 3.92x10-19 3.92x10-19

Zinc(ll) 4.99x1 O'05 4.99x1 O'05

Table L.6 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 4.99x10+01

TOTAL LEACHED ORE OUTPUT 4.95x10+01

Ammonia 9.58x10-01

Ammonium 3.00X10-03

Calcite 1.60x10+02 1.60xl0+02

Carbon dioxide 1.95xl0+0°
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Component Inputs /  kg Outputs /  kg

Carbon monoxide 8.36x10-03

Carbonate 1.16x1 O'01

Carbonic acid 8.88x1 O'04

Copper hydroxo 3.45x1 O*19

Copper thiosulphate 4.20x10-33

Copper(ll) 1.36X1CH51

Iron(ll) 6.29x10-09

Hydrogen carbonate 6.76x10-0!

Hydrogen sulphate 1.47x10"

Hydrogen sulphide 2.92x10-05

Hydroxide 4.76x10 08

Hydroxonium 5.23x10 08

Methanal 3.79x10-03

Methane 7.38x10 04

Nitric oxide 9.57x1003

Nitrogen dioxide 9.57x1003

Oxygen 2.04x1005

Particulates 2.41x1003

Pyrite 2.10x1 O'03 2.05x10-03

Quartz 1.96x10+03 1.96xl0+°3

Smithsonite 1.27xl0+°i 1.24x10+0!

SodiumO) 1.91x10-01

Sulphate(ll) 2.13x1 O'01

Sulphur dioxide 4.74x10-02

Thiosulphate 4.66x1 O'01

Zinc hydroxo 4.62x1 O’8

Zinc thiosulphate 1.05X10-22

Zinc(il) 3.00x10-09

Zincite 5.87x10-01 5.87x10-01
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A.3 EXPERIMENT #3

Table L.7 Leach feed and products.

Component Feed /  moles Product /  moles

Aurocyanide 1.84x10+02

Cyanide 6.00x10+03 3.87x10+03

Ferrous hydroxide 9.30x10-02

lron(ll) 1.1 lx l  O'04

Gold 2.79x10+02 9.47x10+01

Hexacyanoferrate 2.92x10+02

Hydrocyanic acid 2.29x10-01 1.95x10-01

Hydrogen sulphide 1.37x10-06

Pyrite 1.1 lx l0 +04 1.09x10+04

Quartz 8.92x10+05 8.92x10+05

SodiumO) 2.10x10+04 2.10x10+04

Sphalerite 3.07x10+00 0.00x10+0°

Sulphide(ll) 5.88x10+02

Tetracyanozincate 3.07x10+0°

Thiocyanate 5.97x10-02

Zinc hydroxide 3.51x10-04

Zinc hydroxo 1.92x10'10

Zinc(ll) 1.56x10-07

Table L.8 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 2.36x10+01

Carbonate 2.98x1a01

Carbonic acid 6.63x10+03

Cyanide 3.87x10+03 1.18x10-03

Iron(ll) 1.11x10-04 3.98x1a01

Hexacyanoferrate 2.92x10+02 2.92x10+02

Hydrocyanic acid 1.95x10-01 1.98xia°2
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Component Feed /  moles Product /  moles

Hydrogen carbonate 3.87x10+°3

Hydrogen sulphide 1.37x1 O'06 1.37X10*06

Hydroxide 1.50xl0+04 1.73x10-04

Hydroxonium 7.82X10-20 5.20x1 O'02

Oxygen 6.90x10-01 6.90x10-01

Sodium(l) 2.10xl0+04 2.10xl0+04

Sulphide(ll) 6.88x10+02 5.87x10+°2

Tetracyanozincate 3.07x10+°° 3.07x10+°°

Thiocyanate 5.97x1 O'02 1.1 lx l0 +0°

Zinc hydroxo 1.92xl0-10 2.59x10-14

Zinc(ll) 1.66x1 O'07 5.59x1 O'04

Table L.9 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 4.85x10+°’

TOTAL LEACHED ORE OUTPUT 4.85x10+°!

Calcite 1.28xl0+02 1.28x10+Q2

Carbon dioxide 1.37x10+°°

Carbon monoxide 5.86x10-03

Carbonate 1.58x1 O'05

Carbonic acid 3.63x10-01

Cyanide 1.38x10-01

Iron(ll) 1.96X10-05

Hexacyanoferrate 5.46xl0-°2

Hydrocyanic acid 5.47x10-06

Hydrogen carbonate 2.09x1 CT01

Hydrogen sulphide 4.00x10-11

Hydroxide 2.25x10-01

Hydroxonium 1.01x1 O'14

Methanal 2.64x1 O'03

Methane 5.18x1004
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Component Inputs /  kg Outputs /  kg

Nitric oxide 6.70x1 O'03

Nitrogen dioxide 6.70x1 O’03

Oxygen 1.95x10-05

Particulates 1.69x10-03

Pyrite 5.91 xlO+01 5.91 x l0+01

Quartz 2.38x10+03 2.38x10+°3

Smithsonite 2.08x10+°i 2.08x10+01

Sodium(l) 4.26x10-01

Sphalerite 1.33x10-02 1.30x10-02

Sulphide(ll) 1.66x10-02

Sulphur dioxide 3.31x10-02

Tetracyanozincate 4.59x10-04

Thiocyanate 5.69x10-05

Zinc hydroxo 2.66x1 O*18

ZincOO 3.23x10-08

A.4 EXPERIMENT #4

Table L.10 Leach feed and products.

Component Feed /  moles Product /  moles

Aurocyanide 3.13x10+o3

Calcite 4.52x10 +°5 4.52x10+05

Calcium(ll) 6.52x10-01

Carbon dioxide 1.85x10-03

Carbonate 1.18x10+06

Carbonic acid 5.68x10-01

Cyanide 5.18x10+o6 4.91x10+06

Ferrous hydroxide 2.64x10-01

lron(ll) 3.44X10-02

Gold 1.25x10+o2

Hexacyanoferrate 1.53x10+04

Hydrocyanic acid 1.98xl0+02 6.93x10+02
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Component Feed /  moles Product /  moles

Hydrogen carbonate 5.65x10+04

Hydrogen sulphide 3.05x10 00

Hydroxide 1.30xl0+07 1.13x10+07

Hydroxonium 5.18x1 O'07 3.29x10*25

Oxygen 5.84x10+02

Pyrite 9.97x10 04 9.82x10+04

Quartz 1.33xl0+07 1.33xl0+07

Smithsonite 5.88x10+04 0.00x10+0°

Sodium(l) 1.81xl0+07 1.78xl0+07

Sphalerite 1.38x10^ 1.23X10+04

Sulphide(ll) 4.55x10+04

Tetracyanozincate 1.49xl0+04

Thiocyanate 6.65x10+°°

Zinc hydroxide 7.16x10+03

Zinc hydroxo 1.39x1 O'07

Zinc(ll) 4.99x10+05

Table L.11 Pond feed and products.

Component Feed /  moles Product /  moles

Calcium(ll) 6.52x10-01 6.52x10-01

Carbon dioxide 1.85x1 O'03 1.67x10+04

Carbonate 1.18xl0+06 6.58x10+04

Carbonic acid 5.68x1 O'01 4.35x10+05

Cyanide 4.91 X10+06 2.51x10-02

Iron(ll) 3.44x10-02 1.30x10+0°

Hexacyanoferrate 1.53X10*04 1.53x10+04

Hydrocyanic acid 6.93x10+02 5.76x1 fr01

Hydrogen carbonate 5.65x10+04 6.22x10+05

Hydrogen sulphide 3.05x10+0° 3.05x10+0°

Hydroxide 1.13x10+07 5.41x10+0°

Hydroxonium 3.29x10-25 1.24x10+0°
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Component Feed /  moles Product /  moles

Oxygen 5.84x10+02 5.96x10+02

Sodium(l) 1.78xl0+07 1.78X10+07

Sulphide(ll) 4.55x10+04 4.55x10+04

Tetracyanozincate 1.49xl0+04 1.49xl0+04

Thiocyanate 6.65x10+0° 6.80x10+«>

Zinc hydroxide 4.86x10+05

Zinc hydroxo 1.39x10-07 6.8 lx l O’14

Zinc(ll) 4.99x10+05 1.29xl0+04

Table L.12 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 4.49x10+01

TOTAL LEACHED ORE OUTPUT 4.45x10+01

Calcite 2.35x10+o1 2.35x10+01

Calcium(ll) 1.36x1 O'06

Carbon dioxide 4.05X1CK12

Carbon monoxide 1.34x1005

Carbonate 2.05x10 01

Carbonic acid 1.40X10+01

Cyanide 7.00x10+°o

Iron(ll) 3.77x1 O'06

Hexacyanoferrate 1.68x1 O'01

Hydrocyanic acid 2.78x1O04

Hydrogen carbonate 1.97X10+01

Hydrogen sulphide 5.24x10-06

Hydroxide 1.15x10+01

Hydroxonium 5.12x1 O’13

Methanal 1.34x1 O'06

Methane 8.08x10-<»

Nitric oxide 3.01x10-05

Nitrogen dioxide 3.01x10-05
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Component Inputs /  kg Outputs /  kg

Oxygen 9.90x1 O'04

Particulates 4.36x10-06

Pyrite 5.17x10 00 5.10x10+°°

Quartz 6.90x10+02 6.90x10+02

Smithsonite 3.05x10+0° 0.00x10+°°

Sodium(l) 2.16x10+01

Sphalerite 7.16x1 O'01 6.38x10°!

Sulphide(ll) 7.57x10-02

Sulphur dioxide 9.01x1006

Tetracyanozincate 1.31X10-01

Thiocyanate 2.05x10 05

Zinc hydroxide 2.51x10+0°

Zinc hydroxo 4.12x10*19

Zinc(ll) 4.38xlO°2

A.5 EXPERIMENT #5
Table L.13 Leach feed and products.

Component Feed /  moles Product /  moles

Arsenopyrite 3.57x10+04 3.57x10+04

Aurocyanide 1.17x10+02

Cyanide 6.00x10+03 3.95x10+03

Ferrous hydroxide 9.57x1002

Iron(ll) 1.15X10-04

Gold 5.26x10+02 4.09x10+02

Hexacyanoferrate 2.98x10+02

Hydrocyanic acid 2.29x10-0! 1.95X1001

Hydrogen sulphide 1.37x10-06

Hydroxide 1.50X10+04 1.50X10+04

Hydroxonium 6.00x10 10 7.82x10-20

Oxygen 6.90x10 01

Pyrite 8.1 lx l 0+05 8. lOxlO+05
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Component Feed /  moles Product /  moles

Quartz 7.57x10+03 7.57x10+03

Sodium(l) 2.10x10 04 2.10xl0+04

Sphalerite 7.83x10+00 0.00x10+0°

SulphideOD 6.03x10+02

Tetracyanozincate 7.83x10+0°

Thiocyanate 6.21X10-02

Zinc hydroxide 2.25x10-03

Zinc hydroxo 1.92x10‘10

Zinc(ll) 1.01x10-06

Table L.14 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 2.31X10+01

Carbonate 2.94x10-01

Carbonic acid 6.56x10+03

Cyanide 3.95x10+w 6.99x1 O'04

lron(ll) 1.15X10-04 4.14x1a01

Hexacyanoferrate 2.98x10+02 2.98x10+°2

Hydrocyanic acid 1.95x1 O'01 2.12xl0-°2

Hydrogen carbonate 3.95x10+03

Hydrogen sulphide 1.37x1 O'06 1.37x1006

Hydroxide 1.50xl0+04 1.38x1a04

Hydroxonium 7.82X10-20 6.52x1 a 02

Oxygen 6.90x1 O'01 6.90x1a01

Sodium(l) 2.10xl0+04 2.10x10+04

SulphideOI) 6.03x10+02 6.02x10+02

Tetracyanozincate 7.83x10+0° 7.83x10+0°

Thiocyanate 6.21x10-02 1.18X10+00

Zinc hydroxo 1.92x1 O'10 8.39x10 15

Zinc(ll) 1.01x1 O'06 3.63x1a03
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Table L.15 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 1.44xl0+02

TOTAL LEACHED ORE OUTPUT 1.44xl0+02

Arsenopyrite 5.52x10+03 5.52x10+03

Calclte 3.07x10+o3 3.07x10+03

Carbon dioxide 1.19x10+02

Carbon monoxide 5.09x10-01

Carbonate 2.45x10-05

Carbonic acid 5.65x10-01

Cyanide 2.17x1 O'01

lron(ll) 3.2 lx l O-05

Hexacyanoferrate 8.77x10-02

Hydrocyanic acid 8.59x10-06

Hydrogen carbonate 3.35X10-01

Hydrogen sulphide 6.29x10-"

Hydroxide 3.54x1 Q01

Hydroxonium 1.59x10*14

Methanal 2.30x10-°!

Methane 4.49x1 O'02

Nitric oxide 5.83x10-°!

Nitrogen dioxide 5.83x10-01

Oxygen 3.07x10*05

Particulates 1.47x10*01

Pyrite 9.24x10+04 9.24x10+04

Quartz 4.32x10+02 4.32x10+02

Sodium(l) 6.70x10-01

Sphalerite 7.25x10-°i 7.24x10-01

Sulphide(ll) 2.68x10*02

Sulphur dioxide 2.88x10+°o

Tetracyanozincate 1.84x10-03

Thiocyanate 9.52x10-05
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Component Inputs /  kg Outputs /  kg

Zinc hydroxo 1.36x10 18

Zinc(ll) 3.30xlO-o7

A.6 EXPERIMENT #6

Table L.16 Leach feed and products.

Component Feed /  moles Product /  moles

Aurocyanide 2.93x10+02

Cyanide 6.00x10+03 5.41x10+03

Gold 8.24x10+02 5.31x10+02

Haematite 6.63x10+05 6.63x10+05

Hydrocyanic acid 2.29x10-01 2.29x10-01

Hydroxide 1.60xl0+04 1.50X10+04

Hydroxonium 6.00x10'10 6.00x10-10

Oxygen 6.90x10-01

Quartz 1.19x10+04 1.19X10+04

Sodium(l) 2.10x10+04 2.10x10+04

Zincite 1.23x10+0’ 1.23x10+0!

Table L.17 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 2.02x10+01

Carbonate 1.57x10+01

Carbonic acid 5.41x10+03

Cyanide 5.41x10+03 7.53x10*31

Hydrocyanic acid 2.29x10-0’ 7.31 xlO*28

Hydrogen carbonate 5.38x10+03

Hydroxide 1.50X10+04 3.37x10-04

Hydroxonium 6.00x10-1° 2.67x10-02

Oxygen 6.90x10-01 6.90x10-01

SodiumO) 2.10x10+04 2.10x10+04
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Component Feed /  moles Product /  moles

Table L.18 System material inputs and outputs.

Component Inputs /  kg Outputs/kg

TOTAL CONCENTRATE INPUT 5.92x10+°’

TOTAL LEACHED ORE OUTPUT 5.92x10+01

Arsenic trioxide 2.95x10+0°

Arsenopyrite 4.75x10+02 4.75x10+02

Calcite 1.26x10+03 1.26x10+03

Carbon dioxide 4.89x10+01

Carbon monoxide 2.09x10-01

Carbonate 5.22x10-04

Carbonic acid 1.86x10-01

Cyanide 8.66x10-02

Hydrocyanic acid 3.43x10-06

Hydrogen carbonate 1.82x10-01

Hydroxide 1.41xlO°i

Hydroxonium 6.33x10-15

Methanal 9.47x1002

Methane 1.84x1002

Nitric oxide 2.40x10-01

Nitrogen dioxide 2.40x10-01

Oxygen 6.19x10+01

Particulates 6.05x10-02

Pyrite 1.59x10+03 1.59x10+03

Quartz 2.71x10+02 2.71x10+02

Sodium(l) 2.68x10-01

Sphalerite 6.22x10+01 6.22xlO+oi

Sulphur dioxide 8.98x10+01

A.7 EXPERIMENT #7
Table L.19 Leach feed and products.
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Component

Aurocyanide

Feed /  moles Product /  moles

2.43x10+02

Cyanide 6.00x10+03 5.49x10+03

Gold 4.18xl0+02 1.75xl0+02

Hydrocyanic acid 2.29x10-0! 2.29x10-01

Hydrogen sulphide 4.53x1 O'08

Hydroxide 1.60X10+04 1.50xl0+04

Hydroxonium 6.00x10-10 6.00x10-10

Oxygen 6.90x1 O'01

Quartz 9.01 xl0+05 9.01 x l0+05

Sodium(l) 2.10x10+04 2.10xl0+04

Sphalerite 6.23x10+0°

Sulphide(ll) 6.23x10+0°

Tetracyanozincate 6.23x10+°°

Thiocyanate 1.48x10-03

Zinc hydroxide 1.43x10-03

Zinc hydroxo 1.92xl0*10

Zinc(ll) 6.38x10-07

Table L.20 Pond feed and products.

Component Feed /moles Product /  moles

Carbon dioxide 1.97x10+oi

Carbonate 1.71xlO+oi

Carbonic acid 5.34x10 +°3

Cyanide 5.49x10 +°3 2.60x10-06

Hydrocyanic acid 2.29x10-0! 7.75x1 O'05

Hydrogen carbonate 5.46x10+o3

Hydrogen sulphide 4.53x10-08 4.53x10-08

Hydroxonium 6.00x10-1° 1.58x10-02

Oxygen 6.90x10-01 6.90x10-°!

Sodium(l) 2.10x10+04 2.10x10+04

Sulphide(ll) 6.23x10 +oo 6.21x10+00
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Component Feed /  moles Product /  moles

Tetracyanozincate 6.23x10+°° 6.23x10+°°

Thiocyanate 1.48x1 O'03 2.28x10-02

Zinc hydroxo 1.92x1 a 10 9.69x10 15

Zinc(ll) 6.38x1 O’07 2.30x10-03

Table L.21 System material inputs and outputs.

Component Inputs /  kg Outputs /k g

TOTAL CONCENTRATE INPUT 3.62x10+°i

TOTAL LEACHED ORE OUTPUT 3.62xlO+oi

Arsenopyrite 2.91x10+02 2.91x10+02

Calcite 7.72x10+02 7.72x10+02

Calcium carbonate 2.53x10+01

Calcium sulphate 3.44x10+01

Carbon dioxide 4.10x10+01

Carbon monoxide 1.28x10-°!

Carbonate 6.86x1 O'04

Carbonic acid 2.21x10-°!

Cyanide 1.04x10-0!

Ferric arsenate 3.56x10+0°

Ferric hydroxide 1.95xlO+oo

Ferric sulphate 7.92x10+01

Hydrocyanic acid 4.14x10-06

Hydrogen carbonate 2.23x10-01

Hydrogen sulphide 1.00x10-12

Hydroxide 1.71x10-0!

Hydroxonium 7.63xl0-i5

Methanal 5.80x10-02

Methane 1.13x10-02

Nitric oxide 1.47x10-0!

Nitrogen dioxide 1.47x10-01

Oxygen 5.18x10+°!
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Component Inputs /  kg Outputs /  kg

Particulates 3.70x10-02

Pyrite 9.72x10+02 9.72x10+02

Quartz 2.48x10+04 2.48x10+04

SodiumO) 3.23x1 O'01

Sphalerite 2.78x10 01 2.77x10-01

Sulphide(ll) 1.33X10-04

Sulphur dioxide 7.25x1 O'01

Tetracyanozincate 7.06x10-04

Thiocyanate 8.85x10-07

Zinc hydroxo 7.54x10 19

Zinc(ll) 1.01x1 O'07

A.8 EXPERIMENT #8
Table L.22 INCO feed and products.

Component Feed /  moles Product /  moles

Calcium hydroxide 5.52x10+03

Calcium sulphate 5.52x10+o3

Calcium(ll) 6.23x10+0°

Carbonate 5.52x10+o3

Cyanide 5.49x10+03

Hydrocyanic acid 2.29x10-01

Hydrogen sulphide 4.53x10 08 4.53x1008

Hydroxide 1.50xl0+04 1.50X10+04

Hydroxonium 6.00x1 O*10 6.00x10 10

Nitrate 5.52x10+o3

Oxygen 5.52x10+03

Sodium(l) 2.10xl0+04 2.10x10+04

Sulphide(ll) 6.23x10+00 6.23x10+°o

Sulphur dioxide 5.52x10+03

Tetracyanozincate 6.23x10+0°

Thiocyanate 1.48x10-03 1.48x1003
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Component Feed /  moles Product /  moles

Water 1.65xl0+04 1.10xl0+M

Zinc hydroxide 6.23x10+0°

Zinc hydroxo 1.92x10‘10 1.92x1 O’10

Zinc(ll) 6.38x10-07

Table L.23 Pond feed and products.

Component Feed /  moles Product /  moles

Calcite 6.22x10+0°

Calcium(ll) 6.23x10*00 5.31xlO°3

Carbon dioxide 1.98X10+01

Carbonate 6.62x10+03 8.43x10+01

Carbonic acid 5.38x10+03

Hydrogen carbonate 1.09xl0+04

Hydrogen sulphide 4.63x10-08 4.53x10-08

Hydroxide 1.60xl0+04 3.34x10-03

Hydroxonium 6.00x10-10 2.70x10-03

Nitrate 5.62x1 O+m 5.52x10+°3

Oxygen 6.90x10 01

SodiumO) 2.10x10+04 2.10xl0+04

Sulphide(ll) 6.23x10+0° 6.23x10+0°

Thiocyanate 1.48x1 O'03 1.48x1003

Zinc hydroxo 1.92xl0*10 1.92x1 O'10

Table L.24 System material inputs and outputs.

Component

TOTAL CONCENTRATE INPUT

Inputs /  kg Outputs/kg

3.62x10+01

TOTAL LEACHED ORE OUTPUT 3.62x10+01

Arsenopyrite 2.91 xl0+02 2.91 xlO*02

Calcite 7.72x10+02 7.72x10+o2

Calcium carbonate 2.53x10+01

Calcium sulphate 3.44x10+01
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Component Inputs /  kg Outputs /k g

Calcium(ll) 1.42xl0-°7

Carbon dioxide 4.10xl0+01

Carbon monoxide 1.28X10-01

Carbonate 3.38x1 O'03

Carbonic acid 2.23x10-01

Cyanide 1.04x10-01

Ferric arsenate 3.56x10+0°

Ferric hydroxide 1.95X10+00

Ferric sulphate 7.92x10*01

Hydrocyanic acid 4.14X10-06

Hydrogen carbonate 4.45x10-01

Hydrogen sulphide 1.00x1 O’12

Hydroxide 1.7 lx l O'01

Hydroxonium 7.63x1 CH5

Methanal 5.80x10-02

Methane 1.13X10-02

Nitrate 6.66x1 O'02

Nitric oxide 1.47x1 O'01

Nitrogen dioxide 1.47X10*01

Oxygen 5.18x10+01

Particulates 3.70x10-02

Pyrite 9.72x10+o2 9.72x10+02

Quartz 2.48x10+04 2.48x10+04

Sodium(l) 3.23x1 O'01

Sphalerite 2.78x10-01 2.77x10-01

Sulphide(ll) 1.34X10-04

Sulphur dioxide 7.25x1 O'01

Thiocyanate 5.75x10-08

Zinc hydroxo 1.49x1 O’14
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A.9 EXPERIMENT #9

Table L.25 Cyanisorb feed and products.

Component Feed /  moles Product /  moles

Cyanide 5.49x10+03 5.52x10+o3 (CREDIT)

Hydrocyanic acid 2.29x10-01

Hydrogen sulphide 4.53x10-08 4.53x10-08

Hydroxide 1.50xl0+04 1.50x10+04

Hydroxonium 6.00x10-10 6.00x10-10

Oxygen 6.90x10-01 6.90x10-01

Sodium(l) 2.10xl0+04 2.10xl0+04

Sulphide(ll) 6.23x10+0° 6.23x10+0°

Tetracyanozincate 6.23x10+0°

Thiocyanate 1.48x1 O'03 1.48x10-03

Zinc hydroxo 1.92x1 O'10 1.92x10'10

Zinc(ll) 6.38x10-07 6.23x10+0°

Table L.26 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 3.43x10+01

Carbonate 8.40x10-07

Carbonic acid 9.45x10+03

Hydrogen carbonate 1.10xl0+01

Hydrogen sulphide 4.53x10-08 4.53x10-08

Hydroxide 1.50xl0+04 8.18xl0-°7

Hydroxonium 6.00x10-10 1.10xl0+01

Oxygen 6.90x1 O’01 6.90x10-01

Sodium(l) 2.10xl0+04 2.10xl0+04

Sulphide(ll) 6.23x10+0° 6.23x10+0°

Thiocyanate 1.48x10-03 1.48x10-03

Zinc hydroxo 1.92xl0*10 1.92x10_10

Zinc(ll) 6.23x10+0° 6.23x10+0°
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Table L.27 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 3.62x10+°’

TOTAL LEACHED ORE OUTPUT 3.62x10+0’

Arsenopyrite 2.91x10+02 2.91x10+02

Calcite 7.72x10+02 7.72x10+02

Calcium carbonate 2.53x10+01

Calcium sulphate 3.44x10+0’

Carbon dioxide 4.10x10+0’

Carbon monoxide 1.28x10-°’

Carbonate 3.37x10-”

Carbonic acid 3.92x10-°’

Cyanide 8.87x10-03

Ferric arsenate 3.56x10+0°

Ferric hydroxide 1.95x10+0°

Ferric sulphate 7.92x10+°’

Hydrocyanic acid 4.14x1 O'06

Hydrogen carbonate 4.49x1 O'04

Hydrogen sulphide l.OOxia12

Hydroxide 1.7 lx l O'01

Hydroxonium 7.63x1 O’15

Methanal 5.80x10-02

Methane 1.13x10-02

Nitric oxide 1.47x10-0’

Nitrogen dioxide 1.47x10-°’

Oxygen 5.18x10+01

Particulates 3.70x10-02

Pyrite 9.72x10+02 9.72x10+02

Quartz 2.48x10+04 2.48x10+04

Sodium(l) 3.23x1 O'01

Sphalerite 2.78x10-01 2.77x100’

Sulphide(ll) 1.34x1 O'04
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Component Inputs /  kg Outputs /  kg

Sulphur dioxide 7.25x1 Q01

Thiocyanate 5.75x10-08

Zinc hydroxo 1.49x1 CM4

Zinc(ll) 2.72x1 O04

A. 10 EXPERIMENT #10

Table L.28 DEGUSSA feed and products.

Component Feed /  moles Product /  moles

Carbonate 5.52x10+03

Cyanide 5.49x10+03

Hydrocyanic acid 2.29x10-01

Hydrogen peroxide 5.52x10+03

Hydrogen sulphide 4.53x10-08 4.53x10-08

Hydroxide 1.50xl0+04 1.50X10+04

Hydroxonium 6.00x1 a 10 6.00x10-’o

Nitrate 5.52x10+03

Oxygen 6.90x10-0’ 6.90x10-0’

Sodium(l) 2.10xl0+04 2.10x10+04

Sulphide(ll) 6.23x10+°° 6.23x10+0°

Tetracyanozincate 6.23x10+00

Thiocyanate 1.48x1 O'03 1.48x1003

Water 5.52x10+03

Zinc hydroxide 6.23x10+0°

Zinc hydroxo 1.92x10-’° 1.92x10’°

Zinc(ll) 6.38x10°7 6.38x10°7

Table L.29 Pond feed and products.

Component Feed /  moles Product /  moles

Carbon dioxide 2.04x10+°’

Carbonate 5.52x10+03 8.44x10+°’
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Component Feed /  moles Product /  moles

Carbonic acid 5.37x10+03

Hydrogen carbonate 1.09X10+04

Hydrogen sulphide 4.53x10-08 4.53x10-08

Hydroxide 1.50xl0+04 2.27x10-04

Hydroxonium 6.00x1 O'10 3.97x10-02

Nitrate 5.52x10+03 5.52x10+03

Oxygen 6.90x10-01 6.90x10-01

Sodium(l) 2.10xl0+04 2.10xl0+04

Sulphide(ll) 6.23x10+°o 6.23x10+°°

Thiocyanate 1.48x10-03 1.48x1 O'03

Zinc hydroxo 1.92x10'10 3.62x10-13

Zinc(ll) 6.38x10-07 6.38x10-07

Table L.30 System material inputs and outputs.

Component Inputs /  kg Outputs /  kg

TOTAL CONCENTRATE INPUT 3.62x1 O^1

TOTAL LEACHED ORE OUTPUT 3.62x10+01

Arsenopyrite 2.91x10+02 2.91x10+02

Calcite 7.72x10+02 7.72x10+02

Calcium carbonate 2.53x10+01

Calcium sulphate 3.44x10+01

Carbon dioxide 4.10x10+01

Carbon monoxide 1.28x10-01

Carbonate 3.39x10-03

Carbonic acid 2.23xlO-oi

Cyanide 1.04x10-01

Ferric arsenate 3.56x10+0°

Ferric hydroxide 1.95x10+0°

Ferric sulphate 7.92x10+01

Hydrocyanic acid 4.14x10-06

Hydrogen carbonate 4.45xlO°i
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Component Inputs /  kg Outputs /  kg

Hydrogen Peroxide 2.21x1 O'01

Hydrogen sulphide 1.00x10-12

Hydroxide 1.7 lx l 0-01

Hydroxonium 7.63x10-15

Methanol 5.80x10-02

Methane 1.13xl0-°2

Nitrate 6.66x10-02

Nitric oxide 1.47x10-0!

Nitrogen dioxide 1.47x10-0!

Oxygen 5.18x10+01

Particulates 3.70x10-02

Pyrite 9.72x10+02 9.72x10+°2

Quartz 2.48x10+04 2.48x10+04

Sodium(l) 3.23x10*01

Sphalerite 2.78x10 01 2.77x10-°!

Sulphide(ll) 1.34x1 O'04

Sulphur dioxide 7.25x10-01

Thiocyanate 5.75x10-00

Zinc hydroxo 2.82x10*i7

Zinc(ll) 2.79x10-11
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