EUROPEAN COMMISSION

Reference Document on
Best Available Techniques for

Management of Tailings and
Waste-Rock in Mining Activities

January 2009



This document is one from the series of documents as listed below, which have to be reviewed:

Reference Document on Best Available Techniques . . . Code
Large Combustion Plants LCP
Mineral Oil and Gas Refineries REF
Production of Iron and Steel 1&S
Ferrous Metals Processing Industry FMP
Non Ferrous Metals Industries NFM
Smitheries and Foundries Industry SF
Surface Treatment of Metals and Plastics STM
Cement, Lime and Magnesium Oxide Manufacturing Industries CLM
Glass Manufacturing Industry GLS
Ceramic Manufacturing Industry CER
Large Volume Organic Chemical Industry LVOC
Manufacture of Organic Fine Chemicals OFC
Production of Polymers POL
Chlor - Alkali Manufacturing Industry CAK
Large Volume Inorganic Chemicals — Ammonia, Acids and Fertilisers Industries LVIC-AAF
Large Volume Inorganic Chemicals — Solid and Others industry LVIC-S
Production of Speciality Inorganic Chemicals SIC

Common Waste Water and Waste Gas Treatment/Management Systems in the Chemical Sector | CWW

Waste Treatments Industries WT
Waste Incineration WI
Management of Tailings and Waste-Rock in Mining Activities MTWR
Pulp and Paper Industry PP
Textiles Industry TXT
Tanning of Hides and Skins TAN
Slaughterhouses and Animals By-products Industries SA
Food, Drink and Milk Industries FDM
Intensive Rearing of Poultry and Pigs IRPP
Surface Treatment Using Organic Solvents STS
Industrial Cooling Systems ICS
Emissions from Storage EFS
Energy Efficiency ENE

Reference Document . . .

General Principles of Monitoring MON

Economics and Cross-Media Effects ECM

Electronic versions of draft and finalised documents are publicly available and can be
downloaded from http://eippcb.jrc.ec.europa.cu.



http://eippcb.jrc.ec.europa.eu/

Executive Summary

EXECUTIVE SUMMARY

Scope of this work

This work covers activities related to tailings and waste-rock management of ores that have the
potential for a significant environmental impact. In particular the work sought out activities that
can be considered as examples of “good practice”. Mining techniques and mineral processing
are only covered as relevant to tailings and waste-rock management. The intention is to raise
awareness of such practices and promote their use across all activities in this sector.

The starting point for the work and the actual development of this document is the
Communication from the European Commission COM(2000) 664 on the ‘Safe Operation of
Mining Activities’. As a follow-up to the tailings dam bursts in Aznalcollar and Baia Mare this
Communication proposed a follow-up action plan to be taken, which includes the elaboration of
a BAT Reference Document based on an exchange of information between the European
Union’s Member States and the mining industry. This document is the result of this information
exchange. It has been developed as a Commission initiative and in anticipation of the proposed
Directive on the management of waste from extractive industries'.

The above-mentioned failures have brought public attention to the management of tailings
ponds and tailings dams. However, it should not be forgotten that the collapse of tailings and
waste-rock heaps can also cause severe environmental damage. The dimensions of either type of
facility can be enormous. Dams can be tens of metres high, heaps even more than 100 m high
and several kilometres long possibly containing hundreds of millions of cubic metres of tailings
or waste-rock. According to the Eurostat yearbook 2003* more than 300 million tonnes of
mining and quarrying waste is estimated to be generated annually in the EU-15.

The following metals are covered in this document on the basis that they are mined and/or
processed in the European Union (EU-15), the acceeding countries, the candidate countries and
Turkey, i.e.:

aluminium
cadmium
chromium
copper
gold

iron

lead
manganese
mercury
nickel
silver

tin
tungsten
zinc.

These metals are all covered in this document, irrespective of the amounts produced or the
mineral processing method used (e.g. whether mechanical methods, flotation, chemical, or
hydrometallurgical methods such as leaching).

'y COM(2003) 319 final, 2.6.2003. The proposed Directive includes references to BAT in its articles 4(2), 19(2) and 19(3)
) Eurostat yearbook 2003, A statistical guide to Europe, 8" Edition, Eurostat, the Statistical Office of the European Communities,
Luxembourg
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Coal and selected industrial minerals, are also covered in this document.i.e.:

barytes

borate

feldspar (if recovered by flotation)
fluorspar

kaolin (if recovered by flotation)
limestone (if processed)
phosphate

potash

strontium

talc (if recovered by flotation).

Coal is only included when it is processed and there are tailings produced (thereby following the
above-mentioned theme). Generally, this means that hard coal (or rock coal or black coal) is
covered, whereas lignite (or brown coal), which is usually not processed, is not covered.

Oil shale is processed in Estonia and large amounts of tailings result and need to be managed.
Therefore, it was also decided to include this in the document. However, as no relevant
information was provided on this subject, oil shale issues are not addressed in this document.

Also this document does not address:

e abandoned sites, although, some examples of recently closed sites are discussed
e mining, processing and tailings management associated with the mining of gas and liquids
(e.g. oil and salt from brine).

For all minerals defined in the previously mentioned scope, the document:

e looks at waste-rock management
includes mineral processing relevant to tailings management (e.g. when the mineral
processing influences the characteristics and behaviour of the tailings)

o focuses on tailings management, e.g. in ponds/dams, heaps or as backfill
includes topsoil and overburden if they are used in the management of tailings.

The mining industry

The purpose of mining is to meet the demand for metals and minerals resources to develop
infrastructure, etc. and to improve the quality of life of the population, as the extracted
substances are in many cases the raw materials for the manufacture of many goods and
materials. These include, for example, metalliferous minerals or metals, coal, or industrial
minerals used in the chemical sector or for construction purposes, etc.

The products of the mining industry are sometimes used directly, but often are further refined,
e.g. in smelters.

Typical process steps at any mining operation are extraction, followed by mineral processing
and finally shipment of the products and management of the residues.

For most metalliferous ores, European mining production is small compared to the overall world
production (e.g. gold: 1 %, copper: 7 %), and similarly for coal mining (6 %). In contrast to the
mostly declining production figures in the metal and coal mining sectors, the production of
many industrial minerals has been expanding steadily on a European scale. In the case of most
industrial minerals, the European production presents a major fraction of the world production
(e.g. feldspar: 64 %, potash: 20 %).
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Some parts of the mining industry, such as metal and coal mining within Europe, operate under
severe economic conditions, mainly because the deposits can no longer compete on an
international level. The EU metal sector is also struggling from the difficulty of trying to find
new profitable ores in known geological regions. However, despite the reduced mine production
in these areas, consumption is steadily increasing. Therefore, to meet this demand imports into
Europe are on the increase.

The size of the companies involved in this sector varies significantly, from a handful of
employees to several thousand per site. Ownership varies between international companies,
industrial holding groups, stand-alone public companies and private companies.

The management of tailings and waste-rock

The management of the residues generated at mining operations, and, of special concern in this
document, the tailings and waste-rock, typically presents an undesired financial burden on
operators. Typically the mine and the mineral processing plant are designed to extract as much
marketable product(s) as possible, and the residue and overall environmental management is
then designed as a consequence of the applied process steps.

There are many options for managing tailings and waste-rock. The most common methods are:

e discarding slurried tailings into ponds

e backfilling tailings or waste-rock into underground mines or open pits or using them for the
construction of tailings dams

e dumping more or less dry tailings or waste-rock onto heaps or hill sides

e using the tailings and waste-rock as a product for land use, e.g. as aggregates, or for
restoration

e dry-stacking of thickened tailings

e discarding tailings into surface water (e.g. sea, lake, river) or groundwater.

Tailings and waste-rock management facilities vary vastly in size, e.g. from swimming-pool-
sized tailings ponds to ponds of over 1000 hectares, and from small tailings or waste-rock piles
to waste-rock areas of several hundred hectares or tailings heaps over 200 m high.

The choice of the applied tailings and/or waste-rock management method depends mainly on an
evaluation of three factors, namely:

e cost
e environmental performance
e risk of failure.

Key environmental issues

The main environmental impacts from tailings and waste-rock management facilities are
impacts associated with the site location and relative land take as well as the potential emissions
of dust and effluents during operation or in the after-care phase. Furthermore, bursts or collapses
of tailings and/or waste-rock management facilities can cause severe environmental damage —
and even loss of human life.

The bases for the successful management of tailings and waste-rock are a proper material
characterisation, including an accurate prediction of their long-term behaviour, and a good
choice of site location.
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Emissions:

Effluents and dust emitted from tailings and waste-rock management facilities, controlled or
uncontrolled, may be toxic in varying degrees to humans, animals and plants. The effluents can
be acidic or alkaline, and may contain dissolved metals and/or soluble and entrained insoluble
complex organic constituents from mineral processing, as well as possibly natural occurring
organic substances such as humic and long-chain carboxylic acids from mining operations. The
substances in the emissions, together with their pH level, dissolved oxygen content, temperature
and hardness may all be important aspects affecting their toxicity to the receiving environment.

The past two decades have increased the widespread awareness of an environmental problem in
mining known as ‘acid rock drainage’ or ARD. ARD is associated with sulphide ore bodies
mined for Pb, Zn, Cu, Au, and other minerals, including coal. While ARD can be generated
from sulphide-bearing pit walls, and underground mines, only tailings and waste-rock
management are considered in this document.

The key issues that are the root of these environmental problems are:

tailings and/or waste-rock often contain metal sulphides
sulphides oxidise when exposed to oxygen and water
sulphide oxidation creates an acidic metal-laden leachate
leachate generation over long periods of time

where there is defficiency of acid buffering minerals.

Accidental bursts and collapses:
The collapse of any type of tailings or waste-rock management facility can have short-term and
long-term effects. Typical short-term consequences include:

flooding
blanketing/suffocating
crushing and destruction
cut-off of infrastructure
poisoning.

Potential long-term effects include:

e metal accumulation in plants and animals
e contamination of soil
e Joss of human and/or animal life.

Site rehabilitation and aftercare:

When an operation comes to an end, the site needs to be prepared for its subsequent use.
Usually, at least for the past few decades, plans for closure and site clean-up will have been part
of the permitting of the site, right from the planning stage onwards, and should therefore have
undergone regular updating with every change in the operation and in negotiations with the
permitters and other stakeholders. In some cases, the aim will be to leave as little a footprint as
possible, whereas in other cases a complete change of landscape may be aimed for. The concept
of ‘design for closure’ implies that the closure of the site is taken into account in the feasibility
study of a new mine site and is then continuously monitored and updated during the life cycle of
the mine. In every case, adverse environmental impacts need to be kept to a minimum.
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Common processes and techniques

Mining techniques:

The extraction of an ore (a process called mining), subsequent mineral processing and the
management of tailings and waste-rock are in most cases considered to be a single operation.
The ore extraction, the subsequent mineral processing techniques and the tailings and waste-
rock management applied depend on the mining technique. Hence, it is important to have an
understanding of the most important mining methods.

For the mining of solids, there are four basic mining concepts:

(1) open pit

(2) underground mine
(3) quarry and

(4) solution mining.

The choice between these four alternatives depends on many factors, such as:

value of the desired mineral(s)

grade of the ore

size, form and depth of the orebody
environmental conditions of the surrounding area
geological, hydrogeological and geomechanical conditions of the rock mass
seismic conditions of the area

site location of the orebody

solubility of the orebody

environmental impact of the operation

surface constraints

land availability.

Mineralogy:

Basically it is possible to differentiate between the major mineral types such as oxide, sulphide,
silicate and carbonate minerals, which, through weathering and other alterations, can undergo
fundamental chemical changes (e.g. weathering of sulphides to oxides). The mineralogy is set
by nature and determines, in many ways, the subsequent recovery of the desired minerals and
the subsequent tailings and waste-rock management.

Having a good knowledge of the mineralogy is an important precursor for:

e environmentally sound management (e.g. separate management of acid-generating and non-
acid-generating tailings or waste-rock)

e areduced need for end-of-pipe treatments (such as the lime treatment of acidified seepage
water from a TMF)

e more possibilities for utilising tailings and/or waste-rock as aggregates.

Mineral processing techniques:

The purpose of mineral processing is to turn the raw ore from the mine into a marketable
product. This is usually carried out on the mine site, the plant being referred to as a mineral
processing plant (mill or concentrator). The essential purpose of the processing is to reduce the
bulk of the ore, which must be transported to and processed by subsequent processes (e.g.
smelting), by using methods to separate the valuable (desired) mineral(s) from the gangue. The
marketable product of this is called concentrate, and the remaining material is called tailings.
Mineral processing includes various procedures that rely on the mineral's own physical
characteristics (i.e. particle size, density, magnetic properties, colour) or physico-chemical
properties (surface tension, hydrophobicity, wetability).
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Typical techniques applied in mineral processing are:

comminution

screening and hydro-cycloning
gravity concentration

flotation

sorting

magnetic separation
electrostatic separation
leaching

thickening

filtration.

Some of these techniques require the use of reagents. In the case of flotation frothers, collectors
and modifiers are necessary to achieve the desired separation.

The techniques used in mineral processing have an effect on the characteristics of the tailings.

Tailings and waste-rock management:
Some of the most important characteristics of materials in tailings and waste-rock management
facilities are:

shear strength

particle size distribution
density

plasticity

moisture content
permeability

porosity.

Tailings dams are surface structures in which slurried tailings are managed. This type of tailings
management facility (TMF) is typically used for tailings from wet processing. For each tailings
impoundment, several activities need to be considered, including:

dams to confine the tailings

diversion systems for natural run-off around or through the dam

tailings delivery from the mineral processing plant to the tailings dam
deposition of the tailings within the dam

removal of excess free water

protection of the adverse surrounding area from environmental impacts
instrumentation and monitoring systems to enable inspection of the dam
long-term aspects (i.e. closure and after-care).

Some other techniques to manage tailings and waste-rock are backfilling, management on
heaps, thickened tailings, underwater management and finding other uses.

Usually a mine, together with the mineral processing plant and the tailings and waste-rock
facilities, will only remain in operation for a few decades. Mine voids (not part of the scope of
this work), tailings and waste-rock however, may remain behind long after the mining activity
has ceased. Therefore, special attention needs to be given to the proper closure, rehabilitation
and after-care of these facilities.

The most important aspects in management of tailings and waste-rock, despite the choice of the
site locations, are the consideration of failure modes of heaps and dams, the relationship
between tailings characteristics and tailings behaviour and the acid rock drainage (ARD)
potential.
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Applied processes and techniques, emission and consumption levels

In the following list some examples of the most important issues in tailings management are
highlighted, including:

e slurried tailings, called ‘red mud’ from the refining of alumina have an elevated pH and are
either stored in conventional tailings pond/dam systems, are thickened to a degree that they
can be ‘dry-stacked’, or discharged into the sea

e tailings from base metal operations are mostly managed as slurries in large tailings ponds.
Often base metals ores contain sulphides (in a quantity higher than the contained buffering
minerals), so that the tailings have an acid-rock-drainage (ARD) potential. At one operation
the tailings are discharged subaqueously to prevent ARD generation right from the start.
Some operations backfill part of the tailings underground. In several cases, the chosen
closure method for the tailings pond is the ‘wet’ cover technique, in other cases dry covers
are applied

e coarse tailings from iron ore operations are managed in heaps. The slurried tailings are
managed in ponds

e some of the gold mines operated in Europe have a net ARD potential. When cyanide
leaching is used to extract the gold, the cyanide is destroyed prior to discharge into the
tailings pond.

e For industrial minerals, several sites do not generate tailings at all or sell the tailings as
aggregates

e borates operations first store the coarse tailings on heaps before they are backfilled

e one fluorspar operation described in this document discharges the tailings into the sea

e one kaolin operation described in this document first dewaters the fine tailings before they
are transferred to heaps, this is also done in some limestone/calcium carbonate operations

e one limestone operation described in this document discards the slurried tailings into a
former quarry

e potash sites manage the solid tailings on heaps or backfilled. The liquid tailings are partially
pumped into deep wells and partially led into surface waters. In one case described in this
document there is marine discharge of the tailings

e in coal operations, the coarse tailings are usually managed on heaps or in former open pit
operations. The slurried fines are either discarded into ponds or filtered. In some cases the
filtered tailings as well as the coarse tailings are sold. In other cases they are put on heaps.
Backfilling is often not viable

e some of the measures applied to prevent accidents include: monitoring routines, operation,
supervision and maintenance (OSM) manuals, independent audits, water balances,
subsidence measurements, review of planning by external experts, the use of piezometers
and inclometers and seismic monitoring.

In the following list some examples of the most important issues in waste-rock management are
highlighted, including:

e in underground operation the waste-rock usually remains underground

e as in the case with tailings, waste-rock in base metals operations sometimes has an ARD
potential. Some operations manage ARD and non-ARD waste-rock separately. Non-ARD
generating waste-rock is either used as aggregate, used for construction of dams or roads at
the site or managed on heaps. Upon closure ARD generating waste-rock heaps are covered
with engineered dry covers that aim at preventing ARD generation

e waste-rock from one iron operation is managed on heaps with the coarse tailings

e waste-rock from gold operations is managed on heaps, used for dam construction or
backfilled into the open pit

e some industrial minerals operations backfill the waste-rock or sell it as aggregate

e in many coal operations the waste-rock is managed in heaps with the filtered fine tailings.
The final heap design is agreed on with the authorities and the communities with the aim of
creating landscape integrated structures.
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Emission and Consumption levels

Most of the process water is returned from the tailings management facility to the mineral
processing plant, but reagent built-up is an issue to be aware of.

Due to the large variations in mineralogy, mining and mineral processing methods and in site
conditions, it is impossible to further summarise the emission and consumption levels. However
many sites provided this information, which is included in Chapter 3. Typically the information
includes data on the water consumption and the amount of process water re-use, the water
balance, the reagent consumption, the dust emissions and information on the emissions to water.

Costs

In Chapter 3, some examples of costs for tailings and waste-rock management for operation and
closure have been included.

Techniques to consider in the determination of BAT

Chapter 4 contains the detailed information used to determine BAT for the management of
tailings and waste-rock in mining activities.

The aim was to include enough information to assess the applicability of the techniques in
general or in specific cases. The information in this chapter is essential to the determination of
BAT.

Those techniques which are judged to be BAT, are also cross-referenced from chapter 5. Users
of the document are thus directed to the discussion of the relevant techniques associated with
the BAT conclusions, which can assist them when they are determining the BAT-based
conditions of permits.

Some of the techniques in Chapter 4 are of a technical nature whilst others are good operating
practices, including management techniques. The techniques are grouped in the following order:

e general principles: Good management principles, management strategies and risk
assessment, all aimed at providing the general background for successfully managing
tailings and waste-rock
e life-cycle management: A reduction of the risk of any failures can be assisted by a
commitment of the operator to the adequate and rigorous application of appropriate
available engineering techniques for the design, operation and closure of tailings and waste-
rock management facilities over the entire period of their operating life. Some tools
elemental to good engineering are the establishment of an environmental baseline, the
characterisation of tailings and waste-rock, the use of dam safety manuals and audits, as
well as applying planning for closure from the outset
e emission prevention and control:
= ARD management: There are a number of prevention, control and treatment options
(e.g. covers, addition of buffering minerals, active/passive treatment) developed for
potentially ARD generating tailings and waste-rock, applicable for the operational as
well as the closure phases of the mine life

= techniques to reduce reagent consumption: Several approaches are available to reduce
the use of reagents, i.e. computer-based monitoring of feed quality, operational
strategies to minimise cyanide addition and pre-sorting of the feed to the mineral
processing plant

= prevention of water erosion: Water erosion of tailings or waste-rock management
facilities can be avoided by covering the slopes or encouraging particle binding

= dust prevention: The main sources for dust emissions are the beaches of tailings ponds,
the outer slopes of dams and heaps and the transport of tailings and waste-rock. One
technique to prevent dusting is to keep beaches in tailings ponds and other slopes wet
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techniques to reduce noise emissions: The most common sources for noise emissions
are transport, dumping and spreading, when trucks and conveyor belts are used. Noise
nuisance from trucks can be reduced by shielding the dumping operation from housing
areas with noise barriers

progressive restoration/revegetation: Heaps and dams are often restored/revegetated
during operation. Amongst other advantages, this allows a shorter closure period

water balances: Completing a detailed water balance is of importance for the design of
any tailings pond, the mine site and for the post mining scenario. The water balance can
determine the discharge capacity of the pond and the required freeboard (if the water
from the pond cannot be directly released into the recipient watercourse). Upon closure,
the water balance is evaluated in order to implement the closure plans

drainage of ponds: In impermeable ponds a drainage systems may be required to allow
the re-use of process water and to reduce the required ponds size

free water management: If the free water in the pond is not discharged directly into the
natural watercourses, it is necessary to arrange the deposition such that all free water is
returned to the plant or, in arid, hot climates, evaporated

seepage management: A prerequisite for the design of seepage management systems is a
thorough understanding of the hydrogeological background of the site. In some cases,
seepage is prevented. In other scenarios, the seepage water is collected or, if of a good
quality, allowed to seep into the groundwater

techniques to reduce emissions to water: Emissions to water can be prevented by re-
using the process water. If this is not possible the effluents may turn out to be acidic or
alkaline, they may contain suspended solids, dissolved components or metals (e.g.
arsenic) or process chemicals (e.g. cyanide). The treatment techniques that can be
applied will differ for each compound

groundwater monitoring: Groundwater is usually monitored around all tailings and
waste-rock areas. This includes the level of the water table and the water quality

e accident prevention:

tailings or waste-rock management in a pit: In order to prevent the collapse of dams or
heaps, the best possible place to construct a tailings or waste-rock management facility
is a suitable nearby pit, since in this case dam/heap stability is not an issue

diversion of natural run-off: A diversion system is critical to the safety of a tailings
dam. Failure of any part can lead to the impoundment receiving floods for which it was
not designed with the possibility of overtopping, leading to a total failure of the dam
preparation of the natural ground below the dam: The natural ground below the
retaining dam is usually stripped of all vegetation and huminous soils, in order to
provide an adequate ‘foundation’ for the structure

dam construction material: The prime consideration for choosing the dam construction
material is that the materials should be fit for the purpose and must not weaken under
operational or climatic conditions

tailings deposition: Proper deposition of tailings, particularly in a wet state, will always
be critical to the stability of the structure. Typically, the wet tailings are discharged off
the crest of the dam in as even a distribution as possible around the dam, in order to
create a "beach" of tailings against the inner face of the retaining dam

techniques to construct and raise dams: Tailings dams used to be constructed of the
coarse tailings fraction and indeed this can still be a very appropriate way of retaining
the tailings slurry. However, over the life of the mine the qualities of the ore can change
and the processing method can change and therefore the characteristics of the tailings
may also change. Hence quality management is a tricky issue over the entire lifespan of
an operation. Therefore there is a trend to construct the initial starter dam, and often
also the raises, with borrow material, whose quality can be more easily monitored
during the construction of the dam. However not only is the type of material used to
construct tailings dams important but so is the placing and compaction of suitable
construction material, to ensure long-term stability. The basic dam types used are
conventional dams or dams constructed using the upstream, downstream or centreline
method

Management of tailings and waste-rock in mining ix



Executive summary

free water management, freeboard, emergency discharge and design flood
determination: Techniques for the removal of free water include spillways, open
channels, decant towers and decant wells. Together with maintaining an adequate
freeboard and emergency discharge systems, this is an essential tool for the prevention
of accidents, such as dam overflows

drainage of dams: Permeable dams are based on the principle that seepage through the
dam should be drawn down well below the toe of the outer slope. This can be achieved
by an internal drainage system, with the drainage zone being located in the inner section
of the dam. Non-permeable dams have similar drainage systems, with the aim being to
stop the seepage flow through the core from eroding the core and the outer slope of the
dam

monitoring of seepage: Controlled seepage occurs through the dam and ensures the
stability by lowering the pore pressure over the dam. However, it is essential that the
seepage is well controlled and managed both with respect to the day to day
environmental performance, as well as from an accident prevention point of view

dam and heap stability: An important measure of the stability of heaps and dams is the
safety factor, i.e. the ratio of the available shear strength to the shear stress

techniques to monitor stability of dams and heaps: The basis for all monitoring is the
development of a monitoring plan. The monitoring consists of a list of measurements
carried out in certain intervals. The overall monitoring plan typically also includes the
plans for inspections and audits/reviews. A further factor influencing the stability of
dams and heaps is the stability of the supporting strata, i.e. the ground on which the
dams and heaps are built

cyanide management: In addition to the treatment of tailings from cyanide leaching, the
management of CN in general also involves a large number of security measures taken
to prevent accidents. The design of the plant also includes several technical solutions
aimed at the prevention of accidents

dewatering of tailings: The main disadvantage of dealing with slurried tailings is their
mobility. If the containment structure (i.e. the dam) were to collapse, they could liquefy
and then cause considerable damage due to their physical and chemical characteristics.
To avoid this problem two alternatives have been developed: dry tailings and thickened
tailings managment

e reduction of footprint: An efficient way to reduce the footprint of tailings and waste-rock
management facilities is to backfill all or part of these materials. Other options include the
underwater management of tailings, i.e. discharge into the sea, or finding other uses of the
tailings and waste-rock

e mitigation of accidents: Two tools for the mitigation of accidents are emergency planning
and the evaluation and follow-up of incidents

e environmental management tools: Environmental management systems are a useful tool to
aid the prevention of pollution from industrial activities in general.

BAT for the management of tailings and waste-rock in mining activities

The BAT chapter (Chapter 5) identifies those techniques that are considered to be BAT, based
upon the information in Chapter 4 and taking into account the definition of “best available
techniques” and the considerations listed in Annex IV of the IPPC Directive (see Preface).

The BAT chapter is divided into a generic part, applicable to all sites managing tailings and
waste-rock, and a specific part for specific minerals.

Tailings and waste-rock management decisions are based on environmental performance, risk
and economic viability, with risk being a site specific factor.

For completeness, all BAT conclusions are shown here.
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Generic BAT
BAT is to:

e apply the general principles set out in Section 4.1
e apply a life cycle management approach as described in Section 4.2.

Life cycle management covers all the phases of a site’s life, including:

e the design phase (Section 4.2.1):
= environmental baseline (Section 4.2.1.1)
= characterisation of tailings and waste-rock (Section 4.2.1.2)
=  TMF studies and plans (Section 4.2.1.3), which cover the following aspects:
site selection documentation
environmental impact assessment
risk assessment
emergency preparedness plan
deposition plan
water balance and management plan and
decommissioning and closure plan
=  TMF and associated structures design (Section 4.2.1.4)
= control and monitoring (Section 4.2.1.5)
e the construction phase (Section 4.2.2)
e the operational phase (Section 4.2.3), with the elements:
=  OSM manuals (Section 4.2.3.1)
= auditing (Section 4.2.3.2)
e the closure and after-care phase (Section 4.2.4), with the elements:
= long-term closure objectives (Section 4.2.4.1)
= specific closure issues (Section 4.2.4.2) for
» heaps
» ponds, including
o water covered ponds
o dewatered ponds
o water management facilities

YVVVYVVYYVY

Furthermore, BAT is to:

e reduce reagent consumption (Section 4.3.2)

e prevent water erosion (Section 4.3.3)

e prevent dusting (Section 4.3.4)

e carry out a water balance (Section 4.3.7) and to use the results to develop a water
management plan (Section 4.2.1.3)

apply free water management (Section 4.3.9)

e monitor groundwater around all tailings and waste-rock areas (Section 4.3.12).

ARD management

The characterisation of tailings and waste-rock (Section 4.2.1.2 in combination with Annex 4)
includes the determination of the acid-forming potential of tailings and/or waste-rock. If an
acid-forming potential exists it is BAT to firstly prevent the generation of ARD
(Section 4.3.1.2), and if the generation of ARD cannot be prevented, to control ARD impact
(Section 4.3.1.3) or to apply treatment options (Section 4.3.1.4). Often a combination is used
(Section 4.3.1.6).

All prevention, control and treatment options can be applied to existing and new installations.
However, the best closure results will be obtained when plans are developed for the site closure
right at the outset (design stage) of the operation (cradle-to-grave philosophy).
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The applicability of the options depends mainly on the conditions present at the site. Factors
such as:

e water balance
e availability of possible cover material
e groundwater level.

influence the options applicable at a given site. Section 4.3.1.5 provides a tool for deciding on
the most suitable closure option.

Seepage management (Section 4.3.10)

Preferably the location of a tailings or waste-rock management facility will be chosen in a way
that a liner is not necessary. However, if this is not possible and the seepage quality is
detrimental and/or the seepage flowrate is high, then seepage needs to be prevented, reduced
(Section 4.3.10.1) or controlled (Section 4.3.10.2) (listed in order of preference). Often a
combination of these measures is applied.

Emissions to water
BAT is to:

re-use process water (see Section 4.3.11.1)

mix process water with other effluents containing dissolved metals (see Section 4.3.11.3)
install sedimentation ponds to capture eroded fines (see Section 4.3.11.4.1).

remove suspended solids and dissolved metals prior to discharge of the effluent to receiving
watercourses (Section 4.3.11.4)

neutralise alkaline effluents with sulphuric acid or carbon dioxide (Section 4.3.11.6)

e remove arsenic from mining effluents by the addition of ferric salts (Section 4.3.11.7).

The respective sections in Chapter 3 on emissions and consumption levels provide examples of
achieved levels. No correlation could be developed between the applied techniques and the
available emission data. Therefore in this document it was not possible to draw BAT
conclusions with associated emission levels.

The following techniques are BAT for treating acid effluents (Section 4.3.11.5):

e active treatments:
» addition of limestone (calcium carbonate), hydrated lime or quicklime
» addition of caustic soda for ARD with a high manganese content
e passive treatment:
* constructed wetlands
= open limestone channels/anoxic limestone drains
= diversion wells.

Passive treatment systems are a long-term solution after the decommissioning of a site, but only
when used as a polishing step combined with other (preventive) measures.

Noise emissions (Section 4.3.5)
BAT is to:

use continuous working systems (e.g. conveyor belts, pipelines)

e encapsulate belt drives in areas where noise is a local issue
first create the outer slope of a heap, and then transfer ramps and working benches into the
heap’s inner area as far as possible.
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Dam design
In addition to the measures described in Section 4.1 and Section 4.2, during the design phase

(Section 4.2.1) of a tailings dam, BAT is to:

e use the once in a 100-year flood event as the design flood for the sizing of the emergency
discharge capacity of a low hazard dam

e use the once in a 5000 — 10000-year flood event as the design flood for the sizing of the
emergency discharge capacity of a high hazard dam.

Dam construction
In addition to the measures described in Section 4.1 and Section 4.2, during the construction
phase (Section 4.2.2) of a tailings dam, BAT is to:

e strip the natural ground below the retaining dam of all vegetation and huminous soils
(Section 4.4.3)

e choose a dam construction material that is fit for the purpose and which will not weaken
under operational or climatic conditions (Section 4.4.4).

Raising dams
In addition to the measures described in Section 4.1 and Section 4.2, during the constructional

and operational phases (Sections 4.2.2 and 4.2.3) of a tailings dam, BAT is to:

e cvaluate the risk of a too high pore pressure and monitor the pore pressure before and
during each raise. The evaluation should be done by an independent expert.
e use conventional type dams (Section 4.4.6.1), under the following conditions, when:
= the tailings are not suitable for dam construction
= the impoundment is required for the storage of water
= the tailings management site is in a remote and inaccessible location
= retention of the tailings water is needed over an extended period for the degradation of a
toxic element (e.g. cyanide)
= the natural inflow into the impoundment is large or subject to high variations and water
storage is needed for its control
e use the upstream method of construction (Section 4.4.6.2), under the following conditions,
when:
= there is very low seismic risk
= tailings are used for the construction of the dam: at least 40 — 60 % material with a
particle size between 0.075 and 4 mm in whole tailings (does not apply for thickened
tailings)
e use the downstream method of construction (Section 4.4.6.3), under the following
conditions, when:
= sufficient amounts of dam construction material are available (e.g. tailings or waste-
rock)
e use the centreline method of construction (Section 4.4.6.4), under the following conditions,
when:
= the seismic risk is low.

Dam operation
In addition to the measures described in Section 4.1 and Section 4.2, during the operational

phase (Section 4.2.3) of a tailings pond, BAT is to:

e monitor stability as further specified below

e provide for diversion of any discharge into the pond away from the pond in the event of
difficulties

e provide alternative discharge facilities, possibly into another impoundment
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e provide second decant facilities (e.g. emergency overflow, Section 4.4.9) and/or standby
pump barges for emergencies, if the level of the free water in the pond reaches the pre-
determined minimum freeboard (Section 4.4.8)

e measure ground movements with deep inclometers and have a knowledge of the pore
pressure conditions

e provide adequate drainage (Section 4.4.10)

e maintain records of design and construction and any updates/changes in the
design/construction

e maintain a dam safety manual as described in Section 4.2.3.1 in combination with
independent audits as mentioned in Section 4.2.3.2

e cducate staff and provide adequate training for staff.

Removal of free water from the pond (Section 4.4.7.1)
BAT is to:

e use a spillway in natural ground for valley site and off valley site ponds
e use a decant tower:

* in cold climates with a positive water balance

= for paddock-style ponds
e use a decant well:

* in warm climates with a negative water balance

» for paddock-style ponds

» if a high operating freeboard is maintained.

Dewatering of tailings (Section 4.4.16)
The choice of method (slurried, thickened or dry tailings) depends mainly on an evaluation of
three factors, namely:

e cost

e environmental performance

o risk of failure.

BAT is to apply:

e dry tailings (Section 4.4.16.1)

o thickened tailings (Section 4.4.16.2) or

o slurried tailings (Section 4.4.16.3) management.

There are many factors that influence the choice of the appropriate techniques for a given site.
Some of these factors are:

mineralogy of the ore

ore value

particle size distribution

availability of process water

climatic conditions

available space of tailings management.

Tailings and waste-rock management facility operation
In addition to the measures described in Section 4.1 and Section 4.2, during the operational
phase (Section 4.2.3) of any tailings and waste-rock management facility, BAT is to:

e divert natural external run-off (Section 4.4.1)
e manage tailings or waste-rock in pits (Section 4.4.1). In this case heap/dam slope stability is
not an issue
apply a safety factor of at least 1.3 to all heaps and dams during operation (Section 4.4.13.1)
e carry out progressive restoration/revegetation (Section 4.3.6).
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Monitoring stability
BAT is to:

e monitor in a tailings pond/dam (Section 4.4.14.2):
= the water level
= the quality and quantity of seepage flow through the dam (also Section 4.4.12)
= position of phreatic surface
=  pore pressure
= movement of dam crest and tailings
= seismicity, to ensure stability of the dam and the supporting strata (also Section
4.4.14.4)
= dynamic pore pressure and liquefaction
=  soil mechanics
= tailings placement procedures
e monitor in a heap (Section 4.4.14.2):
= bench/slope geometry
=  sub-tip drainage
= pore pressure
e also carry out:
= in the case of a tailings pond/dam:
» visual inspections (Section 4.4.14.3)
» annual reviews (Section 4.4.14.3)
» independent audits (Section 4.2.3.2 and Section 4.4.14.3)
» safety evaluations of existing dams (SEED) (Section 4.4.14.3)
= in the case of a heap:
» visual inspections (Section 4.4.14.3)
» geotechnical reviews (Section 4.4.14.3)
» independent geotechnical audits (Section 4.4.14.3).

Mitigation of accidents
BAT is to:

e carry out emergency planning (Section 4.6.1)
e cvaluate and follow-up incidents (Section 4.6.2)
e monitor the pipelines (Section 4.6.3).

Reduction of footprint
BAT is to:

e if possible, prevent and/or reduce the generation of tailings/waste-rock (Section 4.1)
e Dbackfill tailings (Section 4.5.1), under the following conditions, when:
= backfill is required as part of the mining method (Section 4.5.1.1)
= the additional cost for backfilling is at least compensated for by the higher ore recovery
= in open pit mining, if the tailings easily dewater (i.e. evaporation and drainage,
filtration) and thereby a TMF can be avoided or reduced in size (Sections 4.5.1.2,
4.5.1.3,4.5.1.4,44.1)
= use nearby mined-out open pits if available for backfilling (Section 4.5.1.5)
= backfilling of large stopes in underground mines (Section 4.5.1.6). Stopes backfilled
with slurried tailings will require drainage (Section 4.5.1.9). Binders may also need to
be added to increase the stability (Section 4.5.1.8)
e backfill tailings in the form of paste fill (Section 4.5.1.10), if the conditions to apply backfill
are met and if:
= there is a need for a competent backfill
= the tailings are very fine, so that little material would be available for hydraulic backfill.
In this case, the large amount of fines sent to the pond would dewater very slowly
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= it is desirable to keep water out of the mine or where it is costly to pump the water
draining from the tailings (i.e. over a large distance)
e backfill waste-rock, under the following conditions (Section 4.5.2), when:
* it can be backfilled within an underground mine
* one or more mined-out open pits are nearby (this is sometimes referred to as ‘transfer
mining’)
= the open pit operation is carried out in such a way that it is possible to backfill the
waste-rock without inhibiting the mining operation
e investigate possible uses of tailings and waste-rock (Section 4.5.3).

Closure and after-care

In addition to the measures described in Section 4.1 and Section 4.2, during the closure and
after-care phase (Section 4.2.4) of any tailings and waste-rock management facility, BAT is
to:

e develop closure and after-care plans during the planning phase of an operation, including
cost estimates, and then to update them over time (Section 4.2.4). However, the
requirements for rehabilitation develop throughout the lifetime of an operation and can first
be considered in precise detail in the closure phase of a TMF

e apply a safety factor of at least 1.3 for dams and heaps after closure (Section 4.2.4 and
4.4.13.1), although a split view concerning water covers exists (see Chapter 7).

For the closure and after-care phase of tailings ponds BAT is to construct the dams so that they
stay stable in the long term if a water cover solution is chosen for the closure (Section 4.2.4.2).

Gold leaching using cyanide
In addtion to the generic measures for all sites applying gold leaching using cyanide, BAT is to
do the following:

e reduce the use of CN by applying:
= operational strategies to minimise cyanide addition (Section 4.3.2.2)
» automatic cyanide control (Section4.3.2.2.1)
= if applicable, peroxide pretreatment (Section 4.3.2.2.2)
e destroy the remaining free CN prior to discharge in the pond (Section 4.3.11.8). Table 4.13
shows examples of CN levels achieved at some European sites
e apply the following safety measures (Section 4.4.15):
= size the cyanide destruction circuit with a capacity twice the actual requirement
= install a backup system for lime addition
» install backup power generators.

Aluminium
In addition to the generic measures for all alumina refineries, BAT is to do the following:

e during operation:
= avoid discharging effluents into surface waters. This is achieved by re-using process
water in the refinery (Section 4.3.11.1) or, in dry climates, by evaporation
e in the after-care phase (Section 4.3.13.1):
= treat the surface run-off from TMFs prior to discharge, until the chemical conditions
have reached acceptable concentrations for discharge into surface waters
* maintain access roads, drainage systems and the vegetative cover (including re-
vegetation if necessary)
= continue groundwater quality sampling.
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Potash
In addition to the generic measures for all potash sites, BAT is to do the following:

e if the natural soil is not impermeable, make the ground under the TMF impermeable
(Section 4.3.10.3)

e reduce dust emissions from conveyor belt transport (Section 4.3.4.3.1)

e scal/line the toe of the heaps outside the impermeable core zone and collect the run-off
(Section 4.3.11.4.1)

e Dbackfill large stopes with dry and/or slurried tailings (Section 4.5.1.6).

Coal
In addition to the generic measures for all coal sites, BAT is to do the following:

e prevent seepage (Section 4.3.10.4)
e dewater fine tailings <0.5 mm from flotation (Section 4.4.16.3).

Environmental management

A number of environmental management techniques are determined as BAT. The scope (e.g.
level of detail) and nature of the EMS (e.g. standardised or non-standardised) will generally be
related to the nature, scale and complexity of the installation, and the range of environmental
impacts it may have.

BAT is to implement and adhere to an Environmental Management System (EMS) that
incorporates, as appropriate to individual circumstances, the following features: (see Chapter 4)

definition of an environmental policy for the installation by top management (commitment
of the top management is regarded as a precondition for a successful application of other
features of the EMS)
e planning and establishing the necessary procedures
e implementation of the procedures, paying particular attention to
= structure and responsibility
= training, awareness and competence
= communication
= employee involvement
= documentation
= efficient process control
® maintenance programme
= emergency preparedness and response
= safeguarding compliance with environmental legislation
e checking performance and taking corrective action, paying particular attention to
= monitoring and measurement (see also the Reference document on Monitoring of
Emissions)
= corrective and preventive action
= maintenance of records
= independent (where practicable) internal auditing in order to determine whether or not
the environmental management system conforms to planned arrangements and has been
properly implemented and maintained
e review by top management.

Management of tailings and waste-rock in mining xvii



Executive summary

Three further features, which can complement the above stepwise, are considered as supporting
measures. However, their absence is generally not inconsistent with BAT. These three
additional steps are:

e having the management system and audit procedure examined and validated by an
accredited certification body or an external EMS verifier

e preparation and publication (and possibly external validation) of a regular environmental
statement describing all the significant environmental aspects of the installation, allowing
for year-by-year comparison against environmental objectives and targets as well as with
sector benchmarks as appropriate

e implementation and adherence to an internationally accepted voluntary system such as
EMAS and EN ISO 14001:1996. This voluntary step could give higher credibility to the
EMS. In particular EMAS, which embodies all the above-mentioned features, gives higher
credibility. However, non-standardised systems can in principle be equally effective
provided that they are properly designed and implemented.

Specifically for the management of tailings and waste-rock, it is BAT to apply an integrated
risk/safety and environmental management system. Therefore environmental management has
to be developed and carried out jointly with the risk assessment/management described in
Section 4.2.1 and the operation, supervision and maintenance management described in Section
4.2.3.1.

Emerging techniques

Chapter 6 includes six ‘emerging’ techniques that have not yet been commercially applied and
that are still in the research or development phase. They are:

co-disposal of iron ore tailings and waste-rock

inhibiting progress of ARD

recycling of cyanide using membrane technology

lines cells

utilisation of red mud to remediate problems of ARD and metals pollution
combination of SO»/air and hydrogen peroxide to destroy cyanide.

They have been included here to raise awareness for any future revision of this document.
Concluding remarks

Information exchange

Many documents were provided by industry and by permitting authorities as a basis for the
information to be included in this document. Bulletins from the ‘International Commission on
Large Dams’ (ICOLD) concerning tailings management, the Canadian ‘Guide to the
management of tailings facilities’ document and the Finnish ‘Dam safety code of practice’ may
be considered as the cornerstone documents for this BAT document.

The amount and quality of the data in this document shows an imbalance, in that little
information was provided on actual consumption and emission levels of industrial minerals
tailings and waste-rock management facilities.

Emission data for metal operations is based on single facilities. No correlation could be
developed between the applied techniques and the available emission data. Therefore BAT
conclusions with an associated emissions level were not possible.
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Degree of consensus reached

The conclusions of the work were agreed at the final plenary meeting in November 2003, with a
high level of consensus being achieved. There is one split view concerning the safety factor for
long-term stable dams having a ‘wet’ cover.

Recommendations for future work

The result of this information exchange, i.e. this document, presents an important step forward
in reducing everyday pollution and preventing accidents from tailings and waste-rock
management facilities. On a few topics, however, the information is incomplete and did not
allow BAT conclusions to be reached. Future work could usefully focus on collecting
information on the following topics:

e expansion of the scope to address all types of mining waste and to include examples and
techniques from other minerals

more detailed information on the generation of tailings and waste-rock

BAT associated emission levels for effluent treatment and for cyanide destruction
underwater tailings management in seawater

economic data for many of the techniques presented in Chapter 4

characterisation of tailings and waste-rock:

= to include more international and national standards in Annex 4

= to develop a standard methodology for the characterisation waste-rock and tailings
e more performance data for the thickened tailings technique

e new cyanide remediation techniques.

Furthermore future work may also be required in order to adapt the BAT document to the final
scope of the Directive on the management of waste from the extractive industries after its
adoption.

Suggested topics for future research and development projects

The information exchange has also exposed some areas where additional useful knowledge
could be gained from Research and Development projects. These relate to the following
subjects:

e life-cycle management: Applying full life-cycle management is essential for a site to
achieve a high level of safety and environmental performance. However, economic data
showing that it is economically effective to manage a mining operation with the entire life-
cycle model is currently missing. Research in this area is needed to investigate any existing
case studies, to determine the economics of applying integrated life-cycle management for
assessing short-term projects (e. g. to assess the maximum profit during operation)

e cyanide decomposition products toxicity: The toxicity of cyanide itself is a well investigated
subject. However, it seems that some decomposition products may also be of toxicological
importance. In view of the impact of spills from sites using cyanide to leach gold, there is a
need for research on the toxicity of cyanide decomposition products.

The EC is launching and supporting, through its RTD programmes, a series of projects dealing
with clean technologies, emerging effluent treatment and recycling technologies and
management strategies. Potentially these projects could provide a useful contribution to future
reviews of this document. Readers are therefore invited to inform the EIPPCB of any research
results which are relevant to the scope of this document (see also the preface of this document).
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PREFACE

1. Status of this document

This document forms part of a series presenting the results of an exchange of information
between EU Member States and industries concerned on best available techniques (BAT),
associated monitoring, and developments in them. It is published by the European Commission
pursuant Article 21(3) of the Directive 2006/21/EC on the management of waste from the
extractive industries’. It must therefore be taken into account when determining “best available
techniques”.

1.1. Background

The starting point for this document is the Communication from the European Commission
COM(2000) 664 on the Safe Operation of Mining Activities (hereafter: the Communication). As
outlined under Section 5.5 of this Communication, core extraction activities are not covered by
Council Directive 96/61/EC (IPPC Directive). However, activities of the kind undertaken at the
Baia Mare site (production of metal by leaching of gold) are already inside the scope of the
IPPC Directive. Paragraph 2.5 (b) of Annex I of the IPPC Directive lists “installations for the
production of non-ferrous crude metals from ore, concentrates or secondary raw materials by
metallurgical, chemical or electrolytic processes”.

The Communication further recognises that the IPPC Directive does not cover a// sites in the
European Union, and in fact it does not cover most sites, where tailings management facilities
are used.

Section 6 of the Communication proposes a follow-up action plan, which includes three key
actions:

e amendment of Council Directive 96/82/EC of 9 December 1996 on the control of major-
accident hazards involving dangerous substances (Seveso II Directive)

e an initiative on the management of waste from the extractive industry

e a BAT reference document.

The decision to prepare a Technical Reference document describing BAT for the Management
of mining waste in the sense of Article 2(6) of the IPPC Directive was a voluntary agreement
between the Commission, the Member States and the Mining Industry.

2. The definition of BAT

In order to help the reader understand the context in which this document has been drafted,
some of the most relevant definitions of the [PPC Directive including the definition of the term
“best available techniques”, and the provisions of the Proposal for a Directive on the
management of waste from the extractive industries, are described in this preface. This
description is inevitably incomplete and is given for information only. It has no legal value and
does not in any way alter or prejudice the actual provisions of these Directives.

The Proposal for a Directive on the management of waste from the extractive industries
provides for measures, procedures and guidance to prevent or reduce as far as possible any
adverse effects on the environment, and any resultant risks to human health, brought about as a
result of the management of waste from the extractive industries. This document aims at
introducing this approach to the management of tailings and waste-rock in mining activities.
Central to this approach is the general principle that operators should take all appropriate
preventative measures against pollution, in particular through the application of best available
techniques enabling them to improve their environmental performance.

* OJL 201/15 (11/04/2006)

Management of tailings and waste-rock in mining xxi


http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2006:102:0015:0033:EN:PDF

Preface

The following definitions have been applied:

The term “best available techniques” as defined in Article 2(11) of the IPPC Directive as “the
most effective and advanced stage in the development of activities and their methods of
operation which indicate the practical suitability of particular techniques for providing in
principle the basis for emission limit values designed to prevent and, where that is not
practicable, generally to reduce emissions and the impact on the environment as a whole.” The
proposed Directive on the management of waste from the extractive industries follows the same
definition of BAT.

“techniques” includes both the technology used and the way in which the installation/facility is
designed, built, maintained, operated and decommissioned;

“available” techniques are those developed on a scale which allows implementation in the
relevant industrial sector, under economically and technically viable conditions, taking into
consideration the costs and advantages, whether or not the techniques are used or produced
inside the Member State in question, as long as they are reasonably accessible to the operator;

“best” means most effective in achieving a high general level of protection of the environment
as a whole.

Furthermore, Annex IV of the IPPC Directive contains a list of “considerations to be taken into
account generally or in specific cases when determining best available techniques bearing in
mind the likely costs and benefits of a measure and the principles of precaution and prevention:

1. the use of low-waste technology
the use of less hazardous substances

3. the furthering of recovery and recycling of substances generated and used in the process
and of waste, where appropriate

4. comparable processes, facilities or methods of operation which have been tried with

success on an industrial scale;

technological advances and changes in scientific knowledge and understanding;

the nature, effects and volume of the emissions concerned;

the commissioning dates for new or existing installations;

the length of time needed to introduce the best available technique;

the consumption and nature of raw materials (including water) used in the process and their

energy efficiency;

10. the need to prevent or reduce to a minimum the overall impact of the emissions on the
environment and the risks to it;

11. the need to prevent accidents and to minimise the consequences for the environment;

12. the information published by the Commission pursuant to Article 16 (2) or by international
organisations.”

VoW

Article 21(2) of the Directive 2006/21/EC on the management of waste from the extractive
industries, provide for an obligation on Member States to ensure that competent authorities
follow or are informed of developments in best available techniques.

3. Objective of this Document
Under Section 6.3 the Communication says that the BAT document should deal with techniques
to:

e reduce everyday pollution and
e prevent or mitigate accidents.
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Furthermore it states that the BAT document will contribute to the knowledge about the
measures that are available to prevent similar accidents (e.g. to Baia Mare) in the future. With
this information at their disposal, the licensing authorities and Member States would be in a
position to require that, in the European Union, installations using tailings management facilities
meet high environmental standards while retaining economic and technical viability of the
sector.

The Commission (Environment DG) established an information exchange forum (IEF) and a
number of technical working groups have been established under the umbrella of the IEF. IEF
and the technical working groups include representation from Member States and industry.

The aim of this series of documents is to reflect accurately the exchange of information which
has taken place and to provide reference information for the competent authority to take into
account when determining BAT-based measures. By providing relevant information concerning
best available techniques, these documents should act as valuable tools to drive environmental
performance.

4. Information Sources

This document represents a summary of information collected from a number of sources,
including in particular the expertise of the groups established to assist the Commission in its
work, and verified by the Commission services. All contributions are gratefully acknowledged.

5. How to understand and use this document

The information provided in this document is intended to be used as an input to the
determination of BAT in specific cases. When determining BAT and setting BAT based
measures, account should always be taken of the overall goal to achieve a high level of
protection for the environment as a whole. The document addresses a certain number of
minerals/commodities. However, the techniques applied here are applicable for many other
facilities. Hence this document may be used beyond this list of minerals, where the issues are
similar.

The rest of this section describes the type of information that is provided in each section of the
document.

Chapters 1 and 2 provide general information on the tailings and waste-rock management
facilites of the industrial sector concerned and on the industrial processes used within the sector
where relevant for the tailings and waste-rock management. Chapter 3 provides data and
information concerning applied techniques and current emission and consumption levels,
reflecting the situation in existing tailings and waste-rock management facilites in the extractive
industry at the time of writing.

Chapter 4 describes in more detail the emission and risk reduction and other techniques that are
considered to be most relevant for determining BAT and BAT based measures. This information
includes the consumption and emission levels considered achievable by using the technique,
some idea of the costs and the cross-media issues associated with the technique, and the extent
to which the technique is applicable to the range tailings and waste-rock management facilities
requiring permits, for example new, existing, large or small facilities. Techniques that are
generally seen as obsolete are not included.
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Chapter 5 presents the techniques and the emission and consumption levels that are considered
to be compatible with BAT in a general sense. The purpose is thus to provide general
indications regarding the emission and consumption levels that can be considered as an
appropriate reference point to assist in the determination of BAT based measures. It should be
stressed, however, that this document does not propose emission limit values. The determination
of appropriate BAT based measures will involve taking account of local, site-specific factors
such as the technical characteristics of the facility concerned, its geographical location and the
local environmental conditions. In the case of existing facilities, the economical and technical
viability of upgrading them also needs to be taken into account. Even the single objective of
ensuring a high level of protection for the environment as a whole will often involve making
trade-off judgements between different types of environmental impact, and these judgements
will often be influenced by local considerations.

Although an attempt is made to address some of these issues, it is not possible for them to be
considered fully in this document. The techniques and levels presented in Chapter 5 will
therefore not necessarily be appropriate for all facilities. On the other hand, the obligation to
ensure a high level of environmental protection implies that BAT based measures cannot be set
on the basis of purely local considerations. It is therefore of the utmost importance that the
information contained in this document is fully taken into account by competent authorities.

Since the best available techniques change over time, this document will be reviewed and
updated as appropriate. Also the document may be reviewed in the light of the final wording of
the proposed Directive on the management of waste from the extractive industries once adopted.
All comments and suggestions should be made to the European IPPC Bureau at the Institute for
Prospective Technological Studies at the following address:

Edificio Expo, ¢/ Inca Garcilaso, 3, E-41092 Seville, Spain
Telephone: +34 95 4488 284

Fax: +34 95 4488 426

e-mail: JRC-IPTS-EIPPCB@ec.curopa.eu

Internet: http://eippcb.jre.ec.europa.eu
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Scope

SCOPE

The basis for this work is the Communication from the European Commission on the ‘Safe
Operation of Mining Activities’ (COM(2000) 664 final). One of the follow-up measures
suggested in this Communication is the compilation of a BAT reference document. Under
paragraph 6.3, the Communication says that the BAT document should aim to “prevent similar
(to Aznalcollar or Baia Mare) accidents in the future” and that “the processing of certain mining
minerals and residues could be included (in the scope of the document)”

Against this background, a stakeholder Technical Working Group (TWG) was established and
the group decided on the following scope of the work:

Horizontal Scope

The mining, processing and tailings management associated with the mining of gas and liquid
(e.g. oil and salt from brine) will not be covered in this work. This is because the processes are
very much different from the processing of dry ores, and the tailings issue is also very different
to the other sectors to be covered. However, metals leaching will be covered.

The underlying theme of this work covers mineral processing, tailings and the waste-rock
management of ores that have the potential for a strong environmental impact or that can be
considered as examples of “good practice”. The intention here is to raise awareness of best
practices across all activities in this sector.

The following metals are covered in this document on the basis that they are mined and/or
processed in the European Union (EU-15), the acceeding countries, the candidate countries and
Turkey, i.e.:

e aluminium

e cadmium

e chromium

e copper

e gold

e iron

e lead

e manganese

e mercury

e nickel

e silver

e tin

e tungsten

e zinc.

These metals will be covered, irrespective of the amounts produced or the mineral processing
method used (e.g. whether mechanical methods are used, such as flotation, or whether by
chemical or hydrometallurgical methods such as leaching, etc.).

The group decided, following the above-mentioned theme to also include selected industrial
minerals and coal in this document.

In order to keep the work within a reasonable time frame, it was decided that not all industrial
minerals would be covered. A selection was thus made based on two factors:

1. significant production within EU-15, the acceeding countries, the candidate countries
and Turkey, and

2. the generation of tailings that could have a high environmental impact if not handled
properly.
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In addition to this classification though, some further minerals will be addressed if the
management of their tailings and waste-rock is considered as examples of “good practice” that
may be applicable to other minerals.

On these bases the following industrial minerals are included in this document:

barytes

borates

feldspar (if recovered by flotation)
fluorspar

kaolin (if recovered by flotation)
limestone (if processed)
phosphate

potash

strontium

talc (if recovered by flotation).

It was noted that tailings only result from the processing of feldspar and kaolin if they are
recovered by flotation.

Coal is only included when it is processed and there are tailings produced (thereby following the
above-mentioned theme). Generally, this means that hard coal (or rock coal or black coal) is
covered, whereas lignite (or brown coal), which is usually not processed, is not covered.

Oil shale is processed in Estonia and large amounts of tailings result, which need to be
managed. Therefore, it was decided to include this in the document.

The issue of abandoned sites, with regard to the management of tailings and waste-rock, is not
addressed in this work. However, some examples of recently closed sites are discussed.

Vertical Scope
For all minerals defined in the horizontal scope the document will:

e look at waste-rock management

e include topsoil and overburden if they are used in the management of tailings

e include mineral processing relevant to tailings management (e.g. as far as the mineral
processing influences the characteristics and behaviour of the tailings)

e focus on tailings management, e.g. in ponds/dams, heaps or as backfill.

The figure below illustrates the vertical scope. The shaded boxes show the process steps
covered by this document.
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Ilustration of vertical scope

In this document:

‘mine production’ means: for metals, the amount of metal in the concentrate after production,
and in all other cases, unless stated otherwise, the amount of concentrate by weight after mineral
processing;

‘Europe’ means current EU Member States (EU-15), the acceeding countries, the candidate
countries and Turkey;

“‘TMF’ means ‘Tailings Management Facility’, which can be a pond/dam system, backfill, a
tailings heap or any other way of managing tailings.

Other explanations of technical terms used in the document can be found in the Glossary.
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1 GENERAL INFORMATION

Mining is one of mankind’s oldest industries. This industry has a significant history throughout
Europe. Archaeological investigations at the Los Frailes mine in southern Spain discovered the
body of a worker with a copper collar dated 1500 bc. However, there are older examples of
mineral working in Europe, including Neolithic flint working, and metalliferous mining dating
back to almost 2000 bc. Mining has been undertaken by many civilisations and has in many
areas been a source of wealth and importance. A good example in more recent times is the
importance of coal mining (together with other ‘heavy industries’) in Germany for the
‘Wirtschaftswunder’ after World War II.

In the last few decades, metals and coal mining on a worldwide scale have moved away from
underground operations towards larger bulk mining in open pits. As a consequence now larger
amounts of residues result from these operations, mainly because the often unwanted topsoil and
overburden have to be removed to gain access to the ore. In many cases, the amount of
overburden and waste-rock that have to be transported is many times more than the tonnage of
ore that is extracted. The amount of tailings generated depends on the content of the desirable
mineral(s) in the ore, its grade, and the efficiency of the mineral processing stage in recovering
this/these. Another factor is the duration of an operation. As already stated, the total amount of
tailings can be very large in comparison to the amount of product, unless there is a sufficient
way to use the residues. Grades vary between several grams per tonne of ore to 100 % (i.e. pure
metal or mineral). The increase of bulk mining in open pits has also led to mining becoming a
more capital intensive business, where in many cases it can take many years before the invested
money is ‘returned’ through the sold product, i.e. typically the concentrates.

The purpose of mining is to meet the demand for metals and minerals resources to develop
infrastructure etc. and to improve the quality of life of the population as the extracted substances
are the raw materials for the manufacture of many goods and materials. These can be, for
example, metalliferous minerals or metals, coal, or industrial minerals that are used in the
chemical sector or for construction purposes. At any rate, the management of the residues
produced, the topsoil, overburden, and, of special concern in this document, the tailings and
waste-rock, presents an undesired financial burden on operators. Typically the mine and the
mineral processing plant are designed to extract as much marketable product(s) as possible. The
residue and overall environmental management is then designed as a consequence of these
process steps.

Some parts of the mining industry, such as metal and coal mining within Europe, operate under
severe economic conditions, mainly because the deposits can no longer compete on an
international level. The EU metal sector is also struggling from the difficulty of trying to find
new profitable ores in known geological regions. Hence the ability for the metal and coal
mining sectors to invest in non-productive expenditures such as tailings and waste-rock
management, may be constrained. However, despite the reduced mine production in these areas,
consumption is steadily increasing. Therefore, to meet this demand imports into Europe are on
the increase.

In contrast to the mostly declining production figures in the metal and coal mining sectors, the
production of many industrial minerals has been expanding steadily on a European scale.

The following sections try to give an overview of the metal, potash, coal and oil shale mining
sectors. In terms of economics, mines will open when it is economical to do so, be mothballed if
short-term low prices persist or may even be closed if there is no prospect of their being viable.
However, this chapter tries to provide an overview of the economic situation for each different
mineral.

The mining production figures used in the following sections originate from the ‘world mining
data’ book [30, Weber, 2001]. Where appropriate these numbers have been revised by the
technical working group members.
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1.1 Industry overview: metals
For the detailed discussions, this sector is divided into the following sub-sectors:

aluminium

base metals (cadmium, copper, lead, nickel, tin, zinc)
chromium

iron

manganese

mercury

precious metals (gold, silver)

tungsten.

The following table shows that for most of these metalliferous ores, European production is
small compared to overall world production.

Commodity Percentage of world production
(%)
Iron 3
Bauxite 3
Cadmium 16
Chromium 12
Copper 7
Lead 11
Manganese 0.5
Mercury 17
Nickel 2
Tin 1
Tungsten 11
Zinc 12
Gold 1
Silver 10

Table 1.1:  Production of metal concentrates within Europe as percentages of world metal
concentrate production in 1999

Over many years in Europe, ore deposits containing metals in viable concentrations have been
progressively depleted and few indigenous resources remain. Also, a decreased interest for
exploration and development within European due to the relatively high production costs,
competitiveness with regard to land use and due to political pressure, together with the
discovery of large mineral deposits in other parts of the world, have led to a reduction in
European originated concentrates and a subsequent import of concentrates into Europe from a
variety of sources worldwide.

Metalliferous ore deposits usually have the minerals finely disseminated within the ore. Also the
metalliferous ore minerals within the deposit are mostly irregularly intergrown. To liberate the
desired mineral, the ore has to be reduced in size to a fine powder, so that the metalliferous
minerals can then be recovered from the ore via different mineral processing techniques, in
many cases by froth flotation. Since flotation is a ‘wet’ process the tailings from metal
processing are typically in the form of a slurry and are managed in tailings ponds. If the metal(s)
is (are) mined in an open pit, large amounts of waste-rock also have to be handled, usually on
heaps or dumps.
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Most metals are mined as sulphide or oxide minerals. Sulphidic metalliferous minerals often,
but not always, contain pyrite, an iron sulphide. Irrespective of the mineral processing method
used, some of these metal-sulphide complexes will always be included in the tailings. If air and
water have access to the tailings or the waste-rock acids can be formed, that can have a high
environmental impact. This phenomenon is called ‘Acid Rock Drainage (ARD)’ and is
explained in detail in Section 2.7. The ARD potential of precious metal ores is often smaller
than for massive sulphide ores (usually base metal ores). In general, the sulphur content of
bauxite, chromium, iron, manganese and tungsten mineralisations is of minor importance.

111 Aluminium

In the production of primary aluminium, as a first step the raw material, called bauxite, is
refined to alumina. In a second step, the alumina is converted in a smelter to aluminium. The
tailings management of the alumina refining is covered in the scope of this work. The smelting
part is discussed in the BREF on non-ferrous metals. [35, EIPPCB, 2001]

Bauxite is a naturally occurring, heterogeneous material, primarily composed of one or more
aluminium hydroxide minerals, plus various mixtures of silica, iron oxide, titanium oxide,
aluminosilicate, and other impurities in minor or trace amounts.

Bauxite is, in most cases, imported from Australia, Brazil, and the equatorial regions of West
Africa, principally Guinea and Ghana. The products of alumina refineries are calcined alumina
and, in some cases, aluminium hydrate. The alumina is usually shipped to smelters [33,
Eurallumina, 2002].

The worldwide demand for aluminium, which directly determines the alumina demand, is
currently static after a long period of continuous increase. The annual production of metal
aluminium is currently 21 million tonnes, and correspondingly the prduction of alumina
metallurgical grade is around 44 million tonnes. [33, Eurallumina, 2002].

There are six European countries that mine bauxite, which altogether produced 2.2 millon
tonnes in 2001 [70, EAA, 2002]. However, there are ten alumina plants that refine imported

and/or mined bauxite.

The ten alumina refineries in Europe are listed in Table 1.2.

Country Plant Production (kt)
France Pechiney, Gardanne 600
Germany Aluminium Oxid, Stade 820
Greece Aluminium de Greece, Distomon 710
Ireland Aughinish Alumina, Aughinish 1550
Italy Eurallumina, Sardinia 990
Spain Alcoa Inespal, San Ciprian 1300
UK British Alcan, Burntisland 100
Hungary Ajka 300
Romania Tulcea 330

Oradea 200
TOTAL: 6800

Table 1.2:  Alumina refineries in Europe alumina production year 1999
[34, EAA, 2002]

Management of tailings and waste-rock in mining 3



Chapter 1

The dominant bauxite producer worldwide is Australia, being about 50 million tonnes in 1999.
Other producers are Guinea, Brazil, Jamaica, China and India.

The European alumina production of 6.8 million tonnes represents 13 % of the world alumina
production. Typically bauxite is refined near the producing mines in order to minimise transport
costs, with only high-grade bauxite being shipped to refineries over long distances.

Most of the alumina is sold under long-term contracts, with prices fixed at 11 to 13 % of the
metal price fixed for aluminium by the London Metal Exchange (LME). After a period at USD
1500 per tonne, the Al price has now dropped due to recession in the US and Japan. At present,
Al is priced at USD 1360 per tonne (average 2002 prices), and is expected to remain little
changed for the next two years. Hence, the corresponding alumina price is around USD 164 per
tonne [33, Eurallumina, 2002].

The alumina operating cost of the EU producers ranges between USD 160 and 200 per tonne,
which is higher than in most non-EU countries [33, Eurallumina, 2002].

The tailings from the refining are a reddish slurry called ‘red mud’ and a coarser fraction called
‘sand’. They have an elevated pH and contain several metal complexes. Of the EU-15 refineries,
some apply thickened tailings management of these caustic tailings, some discharge into the
Mediterranean, while others utilise conventional tailings ponds and one site manages the red
mud in a pond after neutralising the mud with seawater and a flue-gas desulphurisation process.
[33, Eurallumina, 2002].

1.1.2 Base Metals (Cadmium, Copper, Lead, Nickel, Tin, Zinc)

Currently base metal prices are low. In many cases, the mineral deposits are relatively complex
from a processing point of view. These two factors, combined with the high labour costs in
Europe, have led to some temporary and some final closures of mines.

Base metals can often be found jointly, as complex ores, in the same mineral deposit. They are
often separated in the mineral processing phase by selective flotation.

There is a big imbalance between European mine production and the European consumption of
these metals. A good example is lead, where in 1999 the European consumption was close to 2
million tonnes, which is about 6 times the amount of lead produced from European mines
(350000 t) in the same year.

In this section, the subsequent refining, often smelting, will be briefly discussed but, for further
details see the BREF on non-ferrous metals industries. [35, EIPPCB, 2001]

Cadmium (Cd)

Cadmium is often found in zinc-concentrate after mineral processing, so the cadmium will be
removed at the smelter. In addition, lead and copper ores may contain small amounts of
cadmium. [35, EIPPCB, 2001] Cd is always a by-product which is recovered in smelters. There
are no cadmium mines that produce a Cd concentrate.

World production in 1999 was about 16500 tonnes of cadmium in concentrates, of which
14.5 % (2400 tonnes) was produced from European mines. The following figure shows the main
producers in Europe.
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Figure 1.1: Primary cadmium production in Europe in 1999

Copper

Copper is mostly found in nature in association with sulphur. It is recovered from a multistage
process, beginning with the mining and concentrating of low-grade ores containing copper
sulphide minerals, and followed by smelting and electrolytic refining to produce a pure copper
cathode. Worldwide, an increasing amount of copper is produced from the acid leaching of
oxidised ores [36, USGS, 2002].

Sulphide minerals are usually recovered using flotation. Oxides, carbonates and silicates are
leached.

The world production of copper in 1999 was 12.4 million tonnes. European mine production
was 890000 tonnes, which represents 7.2 % of the world production. The following figure
shows the main producers in Europe.

0,
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Bulgaria
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Figure 1.2: Copper mining production in Europe in 1999
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While copper prices have begun to recover from their recent lows, they remain at low levels.
This provides a challenge for the copper producers, especially the underground mining
operations, due to their increased cost for extraction compared to open pit operations.
Fortunately, these operations have succeeded over the last decade to significantly reduce their
costs to such a point that they are now able to make a profit even at present prices.

[113,S.A., 2002]

Lead

Lead ores occur primarily as sulphides or, nowadays, more commonly in complex ores where it
is associated with zinc and small amounts of silver and copper. There have been major changes
in the pattern of lead use over the years. The battery industry creates up to 70 % of the demand,
which is fairly stable, but other uses for lead are in decline.

Usually the lead concentrate is achieved by selective flotation. The metal is recovered from the
concentrate by smelting.

The world mining production of lead in 1999 was 3.3 million tonnes, about 10 % of which
(about 350000 tonnes) came from European mines. The following figure shows the main
producers in Europe.

Turkey
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Poland
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33%

Figure 1.3: Lead mine production in Europe in 1999

Although lead ore is mined in many countries around the world, three quarters of the world
output comes from only six countries: China, Australia, US, Peru, Canada and Mexico. Lead
extraction in Russia has greatly declined following economic change. Total production has been
at a similar level since the 1970s; with new mines being opened or expanded to replace old
mines. (Note: all these mines contain at least two metals-lead, zinc, and sometimes silver, gold
and copper).

Nickel

Nickel is used in a wide variety of products. Most primary nickel is used in alloys; the most
important of which is stainless steel. Other uses include electroplating, foundries, catalysts,
batteries, coinage, and other miscellaneous applications. [35, EIPPCB, 2001]
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Europe produced only 1.4 % of the world mine production in 1999 (about 1.1 million tonnes).
The following figure shows the most important producers in the world.

Russia
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Figure 1.4: World nickel mine production in 2001

There are only two producers in Europe: Greece with 13500 tonnes and Finland with
1000 tonnes in 1999. However, since New Caledonia is part of France, this may also be
considered as part of the European production, which would mean that European production
provides more than 11 % of the world production.

World production in 2001 was significantly increased due to three new mines being opened in
Western Australia. At these sites, nickel is recovered on-site using advanced Pressure Acid
Leach (PAL) technology. At least four other Australian PAL projects are in varying stages of
development. Competitors are also considering employing PAL technology in Cuba, Indonesia,
and the Philippines. In April 2001, a Canadian company launched an innovative PAL project in
New Caledonia. If the New Caledonian project is successful, the company will use the
technology in Newfoundland to recover nickel and cobalt from sulphide concentrates. The
concentrates would come from the Voisey Bay nickel-copper sulphide deposit in north-eastern
Labrador. In late 2001, development of the Voisey’s Bay deposit was still in limbo, as the
Canadian company and the Government of Newfoundland have so far been unable to agree on
critical concepts.

[36, USGS, 2002].

Tin

Nearly every continent has an important tin-mining country. Tin is a relatively scarce element,
with an abundance in the earth's crust of about 2 ppm, compared with 94 ppm for zinc, 63 ppm
for copper, and 12 ppm for lead. Most of the world's tin is produced from placer deposits; at

least one-half comes from south-east Asia.
[36, USGS, 2002].

The world tin production in 1999 was about 230000 tonnes. Of this, Europe contributed 1 %.
The only European producers are Portugal (2163 tonnes) and the UK (100 tonnes).
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Figure 1.5: World tin mining production in 1999

As can be seen from the figure above, China is by far the largest producer of tin, and also has
the largest reserves.

Tin prices continued to decline in 2001. Industry observers attributed lower prices to an
oversupply of tin in the market [36, USGS, 2002]. World tin consumption was also believed to
have declined somewhat during that year.

Zinc

Sphalerite (zinc iron sulphide, ZnS) is one of the principal ore minerals in the world. Zinc, in
terms of tonnage produced, is the fourth most popular metal in world production—being
exceeded only by iron, aluminium, and copper.

The zinc is normally recovered from the mined concentrate by leaching and electrowinning.

Europe accounted for 11.8 % of the total world mined production of about 7.5 million tonnes in
1999. The following figure displays the major European zinc producers.
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Figure 1.6: Zinc mining production in Europe in 1999

The tailings from base metal mining activities can be characterised as follows:

usually a slurry of 20 - 40 % solids by weight
containing metals

containing sulphides

large amounts produced.

The slurried tailings are managed in ponds. With some underground mines the coarse tailings
are used as backfill material.

The sulphide in tailings and waste-rock can oxidise when water and air have access and an
acidic leachate is generated. This phenomenon is called Acid Rock Drainage (ARD). Due to
ARD, not only is the physical stability of the tailings ponds and dams an issue but so is the
chemical stability of the acid generating tailings, both during operation and after the mine
closure.

Note, waste-rock is stacked on heaps. The waste-rock from these activities can also have a high
environmental impact if it has a net acid generating potential.

1.1.3 Chromium

In Europe, two countries produce significant amounts of ferrochromium; Finland (about 250000
tonnes in 1999 from a single mine) and Turkey (about 430000 tonnes in 1999). Turkey is the
fourth largest chromium producer in the world. Greece produces smaller amounts, i.e. 1000
tonnes in 1999. The European mine production represents about 12 % of the world production
(5.8 million tonnes in 1999). The three major world producers are South Africa, India and
Kazakhstan.

The use of chromium (Cr) to produce stainless steel and non-ferrous alloys are two of its more
important applications. Also, chromites, poor in iron and silica, are used for the production of
refractory products. Chromite (FeCr,0O,) is the most important chromium mineral, indeed it is
the one from which chromium derives its name.
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The concentrate from the Finnish mine is shipped directly to a stainless steel smelter owned by
the same company.

The slurried tailings are managed in ponds. Currently, at the Finnish site, the waste-rock is
managed on heaps. In the future, the operation will turn from an open pit to underground
mining, which will almost eliminate the production of waste-rock. All waste-rock will then be
used as backfill.

114 Iron

Iron ore is a mineral substance which, when heated in the presence of a reductant, will yield
metalliferous iron (Fe) [55, Iron group, 2002].

Iron ore is the source of primary iron for the world's iron and steel industries. It is therefore
essential for the production of steel. Almost all iron ore (i.e. 98 %) is used in steelmaking [36,
USGS, 2002].

In the beginning of the 20" Century the US was the world’s largest iron ore producer,
accounting for about 60 % of the total yearly world output of approximately 45 million tonnes.
By the end of the century the world iron ore production had grown to more than one billion
tonnes per year.

In 2000, China was the largest producer in gross weight of ore produced, but because its ore was
of such low grade, the country’s output ranked well below Australia’s and Brazil’s output, of
171 and 200 million tonnes respectively. Iron ore is mined in about 50 countries. The seven
largest of these producing countries account for about three-quarters of the total world
production, which was about 560 million tonnes in 1999. Australia and Brazil together dominate
the world's iron ore exports, each providing about one-third of the total exports. The European
iron ore mining industry is of little significance on a world scale, only generating 3 % of the
yearly world production.

Austria
3%
. Turkey Spain
Slovakia 19 % 0.4%
2%
Romania
0.5%
Bulgaria
2%

Sweden
74 %

Figure 1.7: Iron mining production in Europe in 1999
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The biggest iron ore producing company in the world is CVRD of Brazil. The sales of this
group reached a new record of 143.6 million tonnes in 2001. The London-based Rio Tinto
group produced 115.8 million tonnes and shipped 110.6 million tonnes in the same year.
Corresponding figures for the Australian/South African group BHP Billiton, was 82.6 million
tonnes and 84.5 million tonnes respectively in 2001. At present these big three control
approximately 70 % of the iron ore market.

Iron ore production in Western Europe is now mainly concentrated in Sweden, as the production
of iron ore in the ‘minette’ regions of France/Luxembourg ceased in the first half of 1990s, as
did the iron ore mining in Spain. There are still some small scale operations for domestic use in
Turkey, Austria and Norway, the latter also producing some for export. In Eastern Europe,
Slovakia, Bulgaria and Romania are represented in the statistics of iron ore producers.

Of the merchant iron ore products, 490 million tonnes in 2000, pellets accounted for about
90 million tonnes. The rest consisted of coarse ores (approximately 70 million tonnes) and fines.
Iron ore fines are used as a feed to blast furnaces, after sintering or pelletising processes. Pellets
are split up into two types, depending on their use, i.e.for blast furnaces use, or as feed for the
expanding Direct Reduced Iron/Hot Briquetted Iron (DRI/HBI) industry.

[49, Iron group, 2002]

The end of the 20™ Century saw a wave of company amalgamations in the iron ore industry as
producers strove to reduce production costs and become more competitive. This period of
consolidations is thought to have come close to an end, though there is still some potential for
further acquisitions and mergers. [49, Iron group, 2002]

For iron ore mining in Europe, this metal is only mined in the form of oxides and carbonates
and the ores either contain little or no sulphide minerals. The tailings and waste-rock from these
operations do not have a net ARD potential. Typically, a coarse tailings fraction is generated
which is managed on heaps. The fines are discharged into tailings ponds.

1.1.5 Manganese
Steelmaking accounts for most of the manganese (Mn) demand [36, USGS, 2002].

In some cases, manganese is the prime product of a mine (e.g. Hotazel mine in South Africa or
Nikopol mine in the Ukraine), but usually, manganese is associated with other minerals (e.g.
iron-carbonates). One positive effect of this association with iron is that in steel production less
additional manganese needs to be added [38, Weber, 2002]

The European mine production of 43500 tonnes in 1999 represents 0.5 % of the world
production in the same year. The following figures show the European and the largest
international producers.
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Figure 1.8:

Figure 1.9:

The free on board (f.0.b.) price of the manganese ore from the Hungarian operation is USD 42

per tonne.

1.1.6

Cinnabar (HgS) is the main ore of mercury. [37, Mineralgallery, 2002]. Mercury is the only
common metal that is liquid at room temperature. It occurs either as native metal or in cinnabar,

Greece

Romania
31 %

Bulgaria
39 %
Hungary
26 %
Manganese mining production in Europe in 1999
Australia
Rest
11 %
20 % °
Brazil
12 %

Ukraine

13 %

South Africa
21 % 12 %

China
1%

World manganese mine production in 1999

Mercury

corderoite, livingstonite, and other minerals [36, USGS, 2002].
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The only remaining European mercury mine is the Almadén mine in Spain. The mine was
subsidised from the Spanish state with a commitment to reduce mining activities. In 1995, EUR
5222 million were paid to the holding company which includes the Almadén mine. In 1999,
about 100 persons were directly employed in the mining section of the company. However this
mine has now been closed and is unlikely to be recommissioned. Other mines, although mining
other metal sulphides, sometimes produce mercury as a by-product. One example is the
Pyhédsalmi Oy Mine, which produces Cu-, Zn-, Pyrite concentrates that include Cd, Hg, Au and
Ag.

World mercury mining is currently carried out in about ten countries, with the largest quantities
coming from Spain and Kyrgyzstan. Over the past ten years the estimated annual world mine
production of mercury has averaged about 2500 tonnes, but world production values have a high
degree of uncertainty. Annual world mining of mercury is declining and was estimated 1640
tonnes in 2000. In 1999 European production represented 17.4 % of the world production.

Mercury use in Western Europe and North America has declined because of numerous
restrictions on the use of mercury-containing products. The chlor-alkali industry will also
gradually cease to be one of the major users. At the same time, the supply of secondary and
recovered mercury has increased due to environmental regulation.

This leaves most developed countries as net exporters of mercury, which has led to steadily
declining mercury prices. The market price since 1990 has been very low: prices in 1997-1999
were around EUR 4 per kg of mercury. The surplus of mercury on the market keeps the price of
mercury low, which may encourage additional uses and lead to increased demand on a global
scale, in particular outside the OECD. Mercury is exported to developing countries for re-use in
gold recovery for use in the production of cosmetics, paints and pesticides, in addition to
application types shared with OECD countries, such as in measurement and electrical devices.
In this respect, the effects of the continuing exports of mercury by European companies to
developing countries, where its use may lead to pollution and adverse health effects, need to be
given full consideration. Furthermore, a significant part of the mercury could return to Europe
as long-range transboundary air pollution.

[112, Commission, 2002]

Since the tailings contain sulphides, the generation of ARD will be an issue with Hg mines.
Older Hg mines, waste-rock heaps and tailings management facilities will also cause problems.
ARD and the seepage of heavy metals can be expected for many years if the sites are not
properly decommissioned. However Hg in the S form is not water soluble and should therefore
remain stable in the tailings and waste-rock.

No information has been provided on the management of tailings and waste-rock at
mercury mines.

11.7 Precious Metals (Gold, Silver)

Most of the gold and silver produced is used in the manufacture of jewellery but, due to
properties such as their high electrical conductivity and resistance to corrosion, they are also
increasing by being used as industrial metals.

Of an estimated 140000 tonnes of all gold ever mined, about 15 % is thought to have been lost,
used in dissipative industrial uses, or otherwise unrecoverable or unaccounted for. Of the
remaining 120000 tonnes, an estimated 33000 tonnes are official stocks held by central banks
and about 87000 tonnes is privately held as coin, bullion, and jewellery [36, USGS, 2002].
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In some cases gold and silver are directly turned into crude metal at an on-site mineral
processing plant as doré, containing typically 75 % gold and 25 % silver. In other cases, gold
and silver are found in other metal concentrates and are recovered in the smelting process [36,
USGS, 2002], for instance, a considerable amount of silver originates from the desilvering of

lead.

Gold occurs in native form (free-gold) or locked in other minerals (pyrite, quartz etc). It can
contain a variable amount of silver in solid solution. Gold-silver tellurides can also be a minor
addition in commercial gold deposits.

Of approximately 2.5 million kg of gold mined worldwide in 1999, Europe produced only
0.8 %. For silver, European production represented approximately 10 % of the world

production.

The following two figures show the main producers of gold and silver in Europe.

Romania
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Figure 1.10: Gold mining production in Europe in 1999
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Figure 1.11: Silver mining production in Europe in 1999

Currently there are six gold mines in the EU-15. In Europe, silver is not mined as a main
product. Silver is primarily a by-product of lead mining.

A new gold mine in Turkey has been in operation since 2001.

There are several examples of projects where the permitting process has been initiated, e.g. the
Svartliden mine in northern Sweden, the Matalikais mine in Greece and the Rosia Montana

open pit gold mine project in Romania.

The following figure shows the world gold mining production in 2001.
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Figure 1.12: World gold mining production in 2001
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The use of cyanide (CN) to leach gold has been a much discussed issue in recent years. The
Baia Mare accident brought special attention to this technique. In 2000, there were about 875
gold or gold and silver mining operations in the world. This number does not include the
contribution from base metal mines where some gold is recovered as a side product at the mine
or the smelter. Of those 875 sites, 460 (i.e. 52 %) utilised cyanide, 15 % of them were heap
leaches and 37 % used cyanidation in tank leaching. The remaining 48 % used a variety of
processes that did not use alternative chemical reagents or lixiviants, but instead used primarily
gravity separation and flotation to form a concentrate. These concentrates were then sent to a
smelter for final processing [26, Mudder, 2000]. The following figure shows the world
distribution of gold or gold and silver mines using cyanidation in 2000.

Asia
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Europe

2% Australia &

South Pacific
26%

Africa
27%

Canada
9%

Latin America
13% United States

16%

Figure 1.13: World distribution of gold or gold and silver mines using cyanidation in 2000
[26, Mudder, 2000]

During the first nine months of 2001, the Engelhard Corporation’s daily price of gold ranged
from a low of about USD 257 per troy ounce in April to a high of almost USD 294 in
September. For most of the year, this price range was below USD 270. The traditional role of
gold as a store of value was able to lift the price of gold out of its low trading range when
terrorists attacked the United States in September 2001. In 2001, the Swiss National Bank
continued selling 1300 tonnes of gold (one-half of its reserves), and the United Kingdom
government completed its drive to sell 415 tonnes of gold from British gold reserves. Concerns
about the true position of central bank gold sales, prospects for more consolidations within the
gold mining sector, and a lack of renewed investor interest in gold, kept gold prices depressed
until the middle of September 2001. Throughout 2002, gold traded steadily USD 300 per ounce.

Gold is a very valuable natural resource. Therefore, it is still worth mining if the ore grade is in
the grams/tonne-range. This results in large amounts of tailings being produced in gold mining
relative to the amount of gold produced. For instance, at a gold grade of 5 g/t, 200000 tonnes of
ore have to be mined to produce 1 tonne of gold (assuming 100 % recovery of gold).

Coarser gold particles can be recovered using gravity separation. However the finer gold
particles can often only be recovered by leaching the ore with a cyanide solution. Due to the
high toxicity of cyanide, special attention has to be given to the tailings management where this
process is applied.

There is research ongoing with the aim of replacing cyanidation with less hazardous techniques.
Also new techniques to destroy cyanide in the tailings or to recycle cyanide from the tailings to
the process are currently being investigated.

16 Management of tailings and waste-rock in mining



Chapter 1

Gold mining tailings are usually in the form of fine slurry which is managed in ponds. All sites
within the EU-15 and the Turkish Ovacik mine destroy the cyanide in the tailings prior to
discharge into the tailings pond. Both chemical and physical stability of tailings management
facilities are of high importance, since the tailings can also have an ARD potential.

11.8 Tungsten
The main tungsten bearing minerals are wolframite (Fe, Mn)WO, and scheelite (CaWO,).

In 1999, a total of 3000 tonnes of tungsten oxide were produced in Europe. 1800 tonnes WO,
resulted from Austria and 549 tonnes from Portugal. European production accounted for 11.5 %
of the world production in 1999.

The average worldwide consumption of tungsten is 40000 t (W) per year. The main producers
are China (>80 %), Canada, Russia, Austria, Portugal and Bolivia [52, Tungsten group, 2002].

Due to low prices, many mines throughout the world have had to close during the last two
decades [52, Tungsten group, 2002].

The coarse tailings are managed on heaps; fine tailings in ponds. Depending on the deposit,
sulphides are present in smaller or larger quantities; therefore ARD may be an issue.

1.2 Industry overview industrial minerals
For the detailed discussions this sector is divided into different sub-sectors. These are:

barytes
borates
feldspar
fluorspar
kaolin
limestone
phosphate
strontium
talc.

The following table shows that, for most of these minerals, European production, other than
metalliferous minerals, presents a major fraction of the world production.

Commodity Percentage of world
production (%)
Barytes 11
Borates 30
Feldspar 64
Fluorspar 5
Kaolin 18
Phosphate 1
Talc 26

Table 1.3:  Production of some industrial minerals within Europe as a percentage of world
production in 1999
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Industrial minerals are recovered in many different ways. Some are sold as mined, i.e. without
being processed. In other cases all sorts of mineral processing methods have to be applied to
achieve a highly concentrated product. The majority of the mines in the ‘Industrial Minerals’
sector use only physical treatments (e.g. crushing, washing, magnetic separation, optical sorting,
hand sorting, classification, flotation), with only a minority of mines carrying out a chemical
treatment of the mineral (e.g. leaching). Hence, the amounts and characteristics of tailings and
waste-rock vary significantly. In general these operations are small compared to most metal
mines, and the grade of the mineral is usually higher. Therefore, in most cases the amounts of
waste-rock and tailings are also smaller. Acid rock drainage is typically not an issue in the
industrial minerals sector.

1.21 Barytes

Barytes is the naturally occurring mineral form of barium sulphate (BaSQ,). It is a relatively
low-value industrial mineral. Filler applications can command higher prices after more intense
mineral processing. There are also premiums for colour — whiteness and brightness [29, Barytes,
2002].

The EU-15 consumption of barytes is estimated to be around 700000 tonnes, with EU-15 mined
production around 340000 tonnes in 2000 and the balance being imported, mainly from China
but also from Morocco and India [29, Barytes, 2002].

The following figure shows the main producing countries Europe. The total annual production
in Europe is about 715000 tonnes.
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19% 11%

Figure 1.14: Barytes mining production in Europe in 2000

Of the total 6.4 million tonnes production, the US consumed some 2.7 million tonne and EU-15
an estimated 0.7 million tonnes. The following figure shows the main producers in the world.
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Figure 1.15: World barytes production (production figures) in 2000

Furthermore, imported barytes is processed in the Netherlands.

Quoted prices (Industrial Minerals magazine) for oil-well crushed lump are around
EUR 55 - 60/tonne rising to EUR 100/tonne for ground material. The mined production output
in Europe has remained steady for several years; and provides direct employment for over 400
people and directly contributes over EUR 50 million to the gross domestic product [29, Barytes,
2002].

The average grade of ores mined in the EU-15 is around 50 % BaSQ,. This indicates, that to
produce 715000 tonnes of barites, about 1400000 tonnes of ore has to be mined. Some of this
ore has been sold as other mineral products [29, Barytes, 2002].

Only a small percentage (2 %) of the tailings produced within the EU-15 is discarded as slurry
in ponds. Typically coarse tailings are sold as aggregates. Finer tailings are mostly dewatered
and also sold or used as backfill in the mine.

1.2.2 Borates

Borates are a group of over 200 naturally-occurring minerals containing boron. Trace amounts
exist in rock, soil and water. Elemental boron does not occur in nature but traces of its salts are
present almost everywhere in rocks, soil and water. Nevertheless, borate minerals are
comparatively rare and large deposits exist in only a few places in the earth's crust (Turkey, US,
China, Russia, and South America).

[92, EBA, 2002]

The global supply market for borates, some 4.2 million tonnes, is largely dominated by Turkey
(the only European producer), the US, and South America (Argentina, Bolivia, Chile, and Peru).
China and Russia produce significant volumes of borates, but export little on to the world
market. The world's two leading producers are Eti Bor, which produces in western Turkey, and
US Borax in California, which together command perhaps some 75— 80 % of the supply
market.
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The Turkish borate producer has an annual production of about 1.2 million tonnes from nine
operations (seven open pits, and two underground mines). This represents about 30 % of the
world production [36, USGS, 2002].

The Turkish borates industry provides direct employment for over 2150 people and directly
contributes over EUR 225 Million to the country’s gross domestic product. Quoted prices
(Industrial Minerals magazine) for borates range from EUR 270 to 900 per tonne.

In Turkey, the residues of the mines are the tailings from the minerals processing plants and the
boron derivatives plants. The tailings are disposed of either on heaps (for coarse clays and
calcareous minerals) or in lined tailings ponds (for fine clay particles) near the mines.

1.2.3 Feldspar

Feldspars are common rock-forming minerals, which can become valuable industrial raw
materials when occurring in large, easily extractable and processable quantities. By
composition, feldspars are aluminosilicates containing potassium, sodium and/or calcium.

More than 60 % of the feldspars produced in the EU-15 are used in the ceramic industry, with
most of the remainder being used in glass production. In the manufacture of ceramics, feldspar
is the second most important ingredient after clay, acting functionally as a flux.

[39, IMA, 2002].

The feldspar sector is composed of small and medium companies, spread around all EU-15
Members States.

In 1999, a total of 6 million tonnes of feldspar were produced in Europe, which is almost two
thirds (64 %) of the total world production. Feldspar recovered by flotation represents about
10 % of the European feldspar production. The following figure shows the major European
producers.
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Figure 1.16: Feldspar mining production in Europe in 1999
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Minor producers (i.e. <100000 tonnes/yr) include Finland, Greece, Sweden, UK, Poland and
Romania.

The feldspar industry in the EU-15 provides direct employment for over 3000 people and
directly contributes over EUR 900 million to grass domestic product. The quoted prices
(Industrial Minerals magazine) for feldspar are in the range EUR 13 - 205 per tonne. The market
for the low-cost sodium-feldspar is mainly local or national because of the proportionally high
transport cost. Only a few, higher value feldspars (high grades qualities, i.e. floated feldspar and
potassium feldspar) are transported over long distances.

Feldspar production results in tailings heaps made of coarse sand, gravel and rock, as well as
tailings ponds for the fine tailings.

1.24 Fluorspar

Fluorspar is the industrial name of the mineral fluorite (CaF,). It is extracted from mines
(underground and open pits), with natural concentrations between 20 and 90 % CaF,. Ore and
concentrated marketable products have the same name, i.e. fluorspar. Fluorspar has long been
known for the beauty and variety of its colours. Nowadays it is used for its chemical properties
(it is a fluoride, and therefore a source of the element fluor) and for its physical properties (e.g.
as a fluxing agent).

[43, Sogerem, 2002]

Worldwide production is between four and five million tonnes per year. The main producers are
China (2.5 million tonnes), Mexico (0.5 million tonnes), the EU-15 (0.4 million tonnes), and
South Africa (0.3 million tonnes). Around 20 countries declared a substantial production in
2000 [43, Sogerem, 2002]. The European producers are displayed in the following figure.
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Figure 1.17: Fluorspar mining production in Europe (1999)

At the Sardinian fluorspar/lead sulphide mine the average value of the products are EUR 120
per tonne for fluorspar and USD 190 per tonne for lead sulphide [44, Italy, 2002].
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1.2.5 Kaolin

The word kaolin derives from the Chinese "Kao-ling" (High Crest), the name of a hill in central
China near where this substance was originally mined for use in ceramics. This is also the origin
of the name "China Clay". Since those early days, the use of kaolin has widened to paper,
rubber, paints and plastics manufacture [40, IMA, 2002].

In 1999, European kaolin production was about five million tonnes, about 20 % of the world
production in the same year. The biggest European producers are listed in the following figure.
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Figure 1.18: Kaolin production in Europe in 1999

In Europe, the kaolin industry provides direct employment for over 6000 people and directly
contributes over EUR 1500 million to gross domestic product. The quoted prices (Industrial
Minerals magazine) for kaolin are in the range EUR 40 - 375 per tonne.

Kaolin production results in tailings heaps made of coarse sand, gravel and rock, as well as
tailings ponds for the fine tailings.

1.2.6 Limestone

Limestone is used in three different ways: as an aggregate, as calcium carbonate and in the
cement and lime industry. The aggregates sector will not be discussed, since it does not generate
tailings.

The calcium carbonate industry operates mainly with deposits of a grade higher than 96 %.
Therefore, there is usually no need for further mineral processing steps. In Europe, only seven
plants need to use flotation to separate calcium carbonate from unwanted minerals (mainly
graphite and mica). These seven plants account for less than 5 % of the total European calcium
carbonate production. Five of these plants do not have tailings ponds, since they use dewatering
devices (e.g. thickening and filter press).

[42, IMA, 2002]
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The limestone used for the cement and lime sector contains clay impurities that can be washed
off. These tailings are stored in ponds.

1.2.7 Phosphate

The only phosphate mine in Europe is the Finnish Siilinjdrvi mine. Currently its annual
production levels are 800000 tonnes of apatite concentrate (Cas(PO,); (F), calcium fluoro
phosphate). The main product, the apatite concentrate, is mainly used as a raw material for
phosphoric acid production.

Furthermore, 100000 tonnes of calcite concentrate, 10000 tonnes of mica concentrate,
70000 tonnes of micaceous products and 200000 - 300000 tonnes of various crushed rock
products are produced annually.

Some nine million tonnes of ore and two to three million tonnes of waste rock are extracted
annually.

Tailings from the concentrator are pumped to the tailings dam area. Waste-rock is crushed for it
to be used as aggregate in road and dam constructions or stockpiled in waste-rock areas.
[143, Siirama, 2003]

1.2.8 Strontium

Strontium is commonly mined in the form of two minerals, celestite (strontium sulphate) and
strontianite (strontium carbonate). Of the two, celestite occurs much more frequently in
sedimentary deposits of sufficient size to make development of mining facilities attractive.
Strontianite would be the more useful of the two common minerals because strontium is used
most often in the carbonate form, but few deposits have been discovered that are suitable for
development.

[36, USGS, 2002]

Celestine (SrSQ,), is mined in two mines in southern Spain, which together produced about
120000 tonnes of final product in 2000. The other European producer of Strontium ore is
Turkey with about 25000 tonnes in the same year. World production in 2000 amounted to about
300000 tonnes. All figures are given in metric tonnes of strontium content. Spain is the second
largest producer in the world after Mexico.

[36, USGS, 2002]

1.2.9 Talc

Talc is a hydrated magnesium silicate. Although talc deposits are found throughout the world in
various geological contexts, economically viable concentrations of talc are not that common.

The largest producer in the world is China with an annual production of about 1.7 million
tonnes followed by the US (0.9 million tonnes) and India (0.6 million tonnes). EU talc
production stands at 1.4 million tonnes/year, of which France and Finland account for 70 %.
The world talc production is estimated to about 5 million tonnes/year.

The following figure shows the producing countries in current Member States and Candidate
Countries. It is difficult to obtain sensible talc production data as it is often grouped with steatite
and talc-related materials.
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Figure 1.19: Talc mine production in Europe (1999)

Luzenac is the major producer on the European market. The two other main producers are
Mondo Minerals and IMI Fabi SpA. Luzenac, which belongs to the group Rio Tinto, is the
leading talc producer with sales exceeding 1.4 million tonnes/year. In Europe, Luzenac owns 7
talc deposits and 11 processing plants. Mondo Minerals incorporates the European talc activities
of Mondo Minerals Oy (two mines and three processing plants in Finland), Mondo Minerals
B.V. in the Netherlands and Norwegian Talc AS. IMI Fabi SpA has its main activities in Italy,
with three mines and two comminution plants.

The talc market is undergoing consolidation on both the supply and demand side in response to
increasing competition from other minerals and emerging economies, and due to increased
market transparency and globalisation pressures. The talc market in Europe is mature with low
growth in most sectors, so for many years price increases have been marginal, barely keeping
abreast with inflation. Domestic markets are also increasingly subject to pressure from
competitively priced imports of high quality grades which can command a price premium,
especially from China. Talc’s properties (platyness, softness, hydro-phobicity, organophilicity,
inertness and mineralogical composition) provide specific functions in many industries. Quoted
prices (Industrial minerals magazine) for talc varies from USD 100 - 300 per tonne, depending
on the grade, with an average price of USD 210 per tonne. The world market is thus estimated
to be USD 1.2 billion per year.

Generally, due to the high purity of the deposit, the talc industry does not generate tailings.
However, in Finnish operations, which actually represent about 33 % of the European talc

production, talc is extracted from a talc magnesite rock using flotation. The tailings are managed
in ponds.
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1.3 Industry overview: potash

Even though potash is an industrial mineral, it was decided by the TWG at the kick-off meeting,
that due to the different techniques in the mineral processing and tailings management this
mineral would be treated separately in its own section.

The main potash products used as fertilisers (with the nutrients potassium, sulphur and
magnesium) are potassium chloride (MOP*), potassium sulphate (SOP) and kieserite. These are
produced with different values of K,O’ (40 - 62 %) and in a fine, standard or coarse grade.
Potassium sulphate and sulphates of potash-magnesia are non-chloride potash fertilisers.

About one fifth of the world potash production comes from European mines in France,
Germany, Spain and the UK.

The European mine production in 1999 was just over 5 million tonnes K,O. The following
figure shows the production percentages by country.

United Kingdom France
10 % 7%

Germany
70 %

Figure 1.20: Potash mining production (K,0) in Europe in 1999

The world potash production is dominated by Canada, Russia and Germany, which together
account for about 76 % of the total world production. Potassium chloride (KCl), commonly
referred to as Muriate of Potash (MOP), is the most common and least expensive source of
potash. Potassium chloride accounts for about 95 % of world potash production.

[19, K+S, 2002]

Muriate of potash (MOP) is the common term for the salt potassium chloride (KCl) and is so named because hydrochloric acid
was originally called muriatic acid. The name MOP has stuck with the product even though the name of the acid has since
changed.

Potassium oxide is not known to exist owing to its highly reactive properties. However it is used as a convention term for
stating the potassium content of a material, e.g. 100 tonnes 95 % KCI (MOP) is the equivalent of 60 tonnes K,O.
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The world potash industry has experienced unstable conditions since the late 1980s (just prior to
the economic collapse of the Eastern block countries). Up to that point, average industry
operating rates (percentage of production capacity) were exhibiting a slow but steady upward
trend that ended abruptly in 1988. The average world operation rate, which had steadily
increased to 83 % in 1988, declined gradually to only 56 % of previous levels. During this
period, world consumption declined from 31 to 21 million tonnes K,O.

World potash demand in 2000 was approximately 26 million tonnes of potassium oxide (K,0)
or 42 million tonnes of product (KCl and K,SO,). Compared with these figures, the
manufacturing capacity was approximately 37 million tonnes of potassium oxide (K,O) or 59
million tonnes of products. Therefore, a considerable overcapacity exists worldwide.

The economic situation, particularly in developed countries, greatly influences the extent and
regional distribution of exports. Both the quantity exported and its distribution among
consumers are greatly affected by the state of the importers agriculture, by the demand for (or
availability of) convertible currency in the exporting or importing country and by fluctuations in
currency exchange rates. Transport costs for potash fertilisers have a considerable bearing on
total cost to the consumer. Logistical considerations, therefore, influence the direction and
magnitude of imports or exports and contribute to the worldwide overcapacity.

Five methods are used in Europe for managing the tailings, these are:

e storing solid tailings on tailings heaps

e backfilling solid tailings into mined out rooms of underground works

o discharging solid and liquid tailings into the ocean/sea (e.g. marine tailings management)
o discharging liquid tailings into deep wells

e discharging liquid tailings into natural flowing waters (e.g. rivers).

Potash tailings are made up of table salt (sodium chloride) together with a few per cent of other
salts (e.g. chlorides and sulphates of potassium, magnesium and calcium) and insoluble
materials such as clay and anhydrite. The tailings heaps themselves generate saline solutions
when atmospheric precipitation dissolves salt from the tailings material.

1.4 Industry overview: coal

The TWG decided at the kick-off meeting that coal is only included when it is processed and
there are tailings produced. Therefore, in this section, only hard coal (or rock coal or black coal)
is discussed, whereas lignite (or brown coal), which is usually not processed, is not covered.

Throughout Europe coal is mined under difficult geological conditions, usually underground.
The industry is characterised by a high degree of automation. The production from coal mines in
the EU-15 has been declining for decades. This is due to the often high cost caused by mining
deep-lying and relatively slim deposits, called seams. However, with the accession of new
members, overall coal production in the EU will increase. In other parts of the world, large
deposits close to the surface can be mined at lower costs. Coal mines in Europe will keep
closing. The opening of new underground mines is not foreseeable in the near future. Except for
Spain and the UK, where some four million tonnes per year of bituminous coal are mined from
open pits, coal is usually extracted by means of underground operations.

As can be seen in the following table, the total hard coal production in Europe in 2001 was
188.2 million tonnes. It can be seen that Poland is the dominant European hard coal producer,
providing over 50 % of the total European production in 2001.
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Country 1980 1996 1997 1998 1999 2000 2001
France 20194 7314 5779 4739 4033 3166 1971
Germany 94492 53156 51212 45340 43849 37338 30362
Spain 13147 17465 18861 16380 15433 14965 14539
United Kingdom 130096 | 49307 47123 40045 36356 30465 32512
Total EU-15 257929 | 127242 | 122975 | 106504 | 99671 85934 79384
Bulgaria 267 186 99 118 108 66 20
Czech Republic 288 301 301 301 300 631 630
Hungary 3065 996 959 914 783 754 570
Poland 193121 | 136385 | 137100 | 116381 | 110443 | 103173 | 103896
Romania 8060 4219 3401 2679 2748 3243 3680
Turkey 3602 3029 2291 3994 2705 3110 3719
Total Cand. Countr. | 40,03 | 145116 | 144151 | 124387 | 117087 | 110977 | 112515
and Turkey
Total Europe 466332 | 272358 | 267126 | 230891 | 216758 | 196911 | 191899
World 2728475 | 3818221 | 3833233 | 3789727 | 3505000 | 3447248 | 3408945
Europe as % of world | 17 % 7% 7% 6 % 6 % 6 % 6 %

Table 1.4:  Coal production figures in kt, 1980, 1996-2001

[111, DSK, 2002]

The table highlights the declining production in most European countries, the most radical
examples being Germany, France and the UK. In Germany, by the end of 2000, there were only
12 mines left in production (1990: 27 mines, 1980: 39 mines, 1973: 53 mines, 1957: 173
mines).

In the UK, which is the biggest coal producer in the EU-15, there were an average of 41 open
pit and 22 underground mines producing at any one time during the year 2002. 15 million
tonnes of the UK production originates from open pit (or opencast) sites.

Hard coal in the Czech Republic mainly occurs in the Upper Silesian Basin. Regarding the coal
resources within this region, about 15 % are in the Czech Republic, and the balance are in
Poland.

[83, Kribek, 2002]

In many cases European production costs are several times the world average. Some mines,
even though they cannot compete in the world market, are still in production only because they
receive subsidies. However, in the UK, coal mining is in the main competitor with world coal.
In 2001, 15 million tonnes of surface mined coal was produced and purchased by the electrical
supply industry in competition with imported coals. No subsidies were paid to produce this coal.
17 million tonnes of deep mined coal was produced, again in the main, without subsidies.
‘Selective Operating Aid’ of some GBP 65 million was paid in 2001 to specific mines to enable
them to achieve long-term viability and to compete long-term with imported coal.

The tailings from coal mining are the coarse tailings, which are managed on heaps, and flotation
slurries, which are either discharged into ponds or, after filtering, onto heaps. The ponds may be
small settling basins, which need to be dug out periodically. In other cases coal tailings ponds
can cover tens of hectares and may be contained by tailings dams. Coal tailings can contain
pyrite and flotation reagents.

Efforts have been made to use coal tailings as construction materials. Due to their low
permeability dried flotation fines can also be used as liners for landfills.

Waste-rock is produced by open pit mining and is used to restore the site during extraction (by
progressively restoring the coaled out areas) and on completion to produce a satisfactory
landform. Waste-rock is also produced in underground mining from driveages etc. and then
either remains underground or is stored in spoil heaps above ground.
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1.5 European mine and mine waste production

The following tables show the production from European countries. The figures are expressed
as percentages of total European production. The numbers used in these two tables are the same
as used throughout Sections 1.1 to 1.4. However, these tables allow an easier overview of all the
sectors. This table also makes it easier to compare the production figures of different countries.
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Table 1.5:

FERROUS NON-FERROUS METALS PRECIOUS
METALS METALS
Iron Alumina’ | Cadmium | Chromium | Copper Lead |Manganese| Mercury | Nickel Tin Tungsten | Zinc Gold Silver
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Austria 3 - - - - - - - - - 63 - R R
Belgium - - - - - - - - R - - N _
Finland - - 29° 36 1 - - 19° 7 - - 2 17 2
France - 9 8 - - - - - - - - - 16 -
Germany - 12 - - - - - - - - - - R R
Greece - 10 - - - 4 2 - 93 B - 2 _ 4
Ireland - 23 - - - 11 - - - - - 23 - 1
Italy - 15 16 - - 2 2 - - - - 1 9 3
Portugal - - - - 11 - - - 96 37 - - 1
Spain - 18 8 - 3 17 - 81 - - - 22 22 -
Sweden 74 1 - - 8 33 - - - - - 20 23 19
United Kingdom - - 18 - - - - - - 4 - - R R
Total EU-15 (t)° 12816129 | 5970000 1900 248149 204749 | 236646 1972 291 14483 2264 3215 616868 | 16.27 | 525.46
Bulgaria 2 - 11 - 13 11 39 - - - - 2 6 1
Cyprus - - - - 1 - - - - - - - - R
Czech Republic - - - - - - - - - - - - R R
Estonia - - - - - - - R - - - _ R _
Hungary - 4 - - - - 26 - - - - - - _
Latvia - - - - - - - - R - - - R R
Lithuania - - - - - - - - R - - - - R
Malta - - - - - - - - - - - - - -
Poland - - 8 - 56 18 - - - - - 20 2 62
Romania - 8 - - 2 2 31 - - - - 3 3 1
Slovakia 2 - - - - - - - - - - - 2 0
Slovenia - - - - - - - - - - - - - _
Turkey 19 - 2 64 6 2 - - - - - 5 - 6
Total Acceeding 3945719 830000 500 433658 684066 | 114074 41372 - - - - 273995 | 2.16 | 1244.09
Countries, Accession
Countries and Turkey (t)
Total EUROPE (t) 16761848 | 6800000 2400 681807 888815 | 350720 43344 291 14483 2264 3215 890863 | 18.43 | 1769.54
World (t) 556777376 | 53000000 16495 5777378 [ 12364823 |3340792| 9595182 1673 | 1071425 [ 228767 | 28015 |7533028]2432.46(17293.21
EUROPE as % of world 3.0 12.8 14.5 11.8 7.2 10.5 0.5 17.4 1.4 1.0 11.5 11.8 0.8 10.2
1) year 2001

2) EU-15 Member States not listed do not produce any of these minerals
3) These figures include the Hg and Cd metallurgical production from imported ore. The figures for Finnish mine production are Cd: 2.5 %, Hg: 1 %.

European mine production expressed in % of total European production of ferrous, non-ferrous and precious metals in 1999 (unless otherwise indicated)

Management of tailings and waste-rock in mining

29



Chapter 1

INDUSTRIAL MINERALS COAL
Barytes | Boron | Feldspar Fluorspar Kaolin Limestone Phosphate Potash Strontianite Talc Hard-Coal
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Austria - - - - 1 - - - - 10
Belgium 2 - - - - - - - - -
Finland - - 1 - - - 100 - - 35
France 11 - 11 28 6 - - 7 - 28
Germany 18 - 5 8 13 - - 70 - 2
Greece - - 1 - 1 - - - - -
Ireland - - - - - - - - - -
Italy 4 - 36 13 6 - - - - 10
Portugal - - 5 - 1 - - - - 2
Spain 3 - 7 38 1 100 - 13 83 8
Sweden - - 1 - - - - - - -
United Kingdom 11 - - 11 48 - - 10 - 2 see
Total EU-15' 322762 - 3927357 350176 3906168 2000000 734068 5066880 10590 1260000 Table 1.4
Bulgaria 19 - - - 3 - - - -
Cyprus - - - - - - - - -
Czech Republic - - 4 - 9 - - - -
Estonia - - - - - - - - -
Hungary - - 1 - - - - - - Candidate
Latvia - - - - - - - - - Countries:
Lithuania - - - - - - - 4
Malta - - - - - - - - -
Poland 4 - 1 - 1 - - - -
Romania 1 - 1 - 1 - - - -
Slovakia 5 - - - - - - - -
Slovenia - - - - - - - - -
Turkey 22 100 28 1 9 - - - 17
Total Acceeding 344327 (1242228 2004473 4812 1152811 - - - - 60000
Countries, Accession
Countries and Turkey (t)
Total EUROPE 666999 (1242228 5931830 354988 4773774 2000000 734068 5066880 145000 1442000
World 6326531 |4200000| 8950309 4612569 [25982207 n/a 67040137 24665640 300000 5620000
EUROPE as % of world 10.5 29.6 66.3 7.7 18.4 n/a 1.1 20.5 48.3 25.7
1) EU-15 Member States not listed do not produce any of these minerals

Table 1.6: European mine production expressed in percentage of total European production of industrial minerals and coal in 1999 (unless otherwise indicated)
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According to the Eurostat yearbook for 2003, in the EU-15 the following amounts of waste are

generated.
Country and Agriculture | Mining ‘and Maflufacturing Energ.y Construction
reference year and forest quarrying industry production (kt)
(kt) (kt) (kt) (kt)
Austria 99 0 0 14284 0 25392
Belgium 99 0 619 13779 1287 0
Germany 93 0 67813 65119 25310 131645
Denmark 98 0 0 2783 1469 2962
Spain 99 0 22757 29239 0 22000
Greece 97 7781 3900 6682 9320 1800
France 95 377000 0 101000 0 13700
Finland 99 24000 28000 15910 1274 35000
Italy 97 242 350 22993 0 20587
Ireland 98 64578 3510 5113 450 2704
Netherlands 99 0 333 9779 1546 0
Portugal 99 0 4691 12804 487 63
Sweden 98 63818 19780 0 0
United Kingdom 99 84000 118000 50000 13000 71000
Table 1.7: European waste generation
[139, Eurostat, 2003]

It should be noted that any statistics on mining waste always bear a level of uncertainty, since
some ‘residues’ from mining are in some states considered waste and in others they are not.

However, looking at the table above it becomes clear that waste from mining and quarrying
represents a significant amount of the total waste generated in the EU-15, i.e. about 20 %.

1.6 Key environmental issues

Proper material characterisation is the basis for successful tailings and waste-rock management.
The management of tailings and waste-rock is one part of the entire mining operation, which
naturally also includes the actual extraction and the mineral processing stage. Not only do these
other parts of the operation influence the management of tailings and waste-rock, in reality the
methods of mining and mineral processing actually determine the management and not vice
versa.

Tailings and waste-rock management sites go through certain phases from design to after care.
It is essential to manage these facilities in a way that makes most sense in all phases of that life
cycle.

Another important issue to consider is the adaptation to changes in reality. An example here
may be that after 10 years of operation, the sulphide content in the waste-rock coming from the
mine could increase to such a level that Acid Rock Drainage (ARD) could become an issue. To
avoid this becoming a problem in the longer term, care needs to be taken during the operational
phase by possibly mixing this waste-rock with other waste-rock containing buffering minerals
or by separately depositing material with ARD potential in an adequate way. In the given
example, it would be necessary to project any findings during operation to steps much further
down the ‘life cycle road’ and to then act accordingly to achieve the best overall long-term
environmental and economic benefit.
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Within the mining industry environmental awareness has improved considerably over the last
decades. Thus historical operations with large environmental impact cannot be regarded as
representative for the prevailing modern management of waste-rock and tailings. A significant
improvement has also been achieved concerning the legislative framework, permitting
requirements and control. In reality, what this all means is that now the entire life cycle of the
mine is considered at all times and the closure of the mine is planned and provided for in an
environmentally acceptable way, even before the mine is opened.

1.6.1 Site location

Mining is a unique sector in so much as primarily geology determines the location of the mine.
This is a major difference to other industries. An ore can only be mined where the deposit is. Of
course the choice of mining method and the exact location of shafts and other infrastructure still
have to be made.

The degrees of freedom in terms of choice of location increases the further downstream one
goes in the process. The location for the extraction itself is predetermined as mentioned above.
Typically, the mineral processing though, is undertaken as close to the actual mine site as
possible, due to the often low grade of the ore, which implies that the ore value cannot cover
high transport costs. However, this is not true in all cases and in some cases the ore is processed
many thousands of kilometres away from the mine. For instance, for bauxite the processing into
aluminium is very energy demanding and the transport cost of the ore can be recovered by lower
energy costs for the processing in a different location (often though some pre-refining will still
be done at the site).

For the management of tailings and waste-rock, the degrees of freedom concerning location is in
general again increasing, but as with the mineral processing, it is generally preferable to limit or
reduce the transportation cost. However, in many cases tailings are pumped or trucked many
kilometres to an appropriate site for deposition.

When it comes to the selection of a tailings and/or waste-rock management site many other
factors have to be considered, such as:

preferable use of existing geographic formations (e.g. existing pits or slopes)

e need to respect the hydrogeological setting of the surrounding area (ground- and surface
water)

e adaptation of facility to surrounding area (e.g. dust, noise and odour control if there is a

residential population nearby)

meteorology (e.g. rainfall data)

geotechnical and geological background (e.g. foundation conditions, seismic risk data)

natural and cultural environment

relationship of tailings facility to underground operation

topography of long-term construction

proximity to surface water

proximity to the coast (seawater)

existing land-use

local communities

biodiversity.

Underwater deposition, which is often carried out for tailings with an ARD potential, involves a
different set of issues, such as secure surface water supply, a natural or constructed basin, post-
deposition use of area, etc.
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The proximity to surface water is often a complex issue. On the one hand, if a discharge to
surface water is required it is preferable to have the river ‘next door’. On the other hand, it needs
to be assessed if this surface water would act as the ideal transport medium of tailings in the
case of an accidental release.

In general, a balance has to be maintained between the proximity of the tailings or waste-rock
management site to the mineral processing site for economical reasons and other factors such as
those listed above. In reality, often the site investigation will result in several ‘candidate
locations’. The actual decision is then made in the permitting process, often as a compromise
between the operator, the permit writers and public concerns.

1.6.2 Material characterisation including prediction of long-term
behaviour

The only way of determining the long-term behaviour of tailings and waste-rock is to
characterise them properly. This may sound trivial, but it has often been neglected in the past.
Too often the focus has been on the saleable concentrate, which generates revenue and not on
the remaining residue. However, operators should not forget the negative economic effect that
improper tailings and waste-rock management can incur.

From an environmental point of view, the main difference between the mineral in the original
deposit and the same mineral, less as much as possible of the desired mineral, in the tailings and
waste-rock is the increased availability for physical, chemical and biological processes to affect
the mineral. This means that through the treatment of the ore (mainly comminution) the
constituents of the tailings and waste-rock are more accessible. The following two examples
may further explain this phenomenon:

Sulphide ore, in its natural location (i.e. underground and bound in rock mass), is not exposed to
an oxidising environment. The finely ground tailings of this ore, once discarded in a pond, are
much more accessible to water and oxygen. The surface area of accessible sulphides is
increased by orders of magnitude through the size reduction. This implies that, if not managed
properly, the rate of weathering, and thereby the mobilisation of weathering products, may be
significantly increased.

Another example is potash ore. These ores consist of potash minerals and rock salt. The deposits
are protected from water by impermeable layers (typically of clay and gypsum). The tailings of
this same ore, however, consist mainly of rock salt (>90 %) and are typically piled up on heaps.
This salt is accessible for precipitation and is washed-off over a long period of time.

Also, the mineral processing of the ore may change the chemical characteristics of the processed
mineral and hence the tailings.

Overall, the characteristics that have to be investigated are, e.g.:

e chemical composition, including the change of chemistry through mineral processing and
weathering

leaching behaviour

physical stability

behaviour under pressure

erosion stability

settling behaviour

hard pan behaviour (e.g., crust formation on top of the tailings).
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Proper material characterisation is the basis for any planning of the management of tailings and
waste-rock. Only if this background work is done properly can the most appropriate
management measures be applied.

General issues about closure, rehabilitation and after-cares are discussed in Section 2.6. Applied
measures are shown in Section 4.2.4.

Each mining operation will have an irreversible impact on the earth’s crust. To qualify this
impact, baseline studies are carried out to give a point of reference. Baseline studies are
described in more detail in Section 4.2.1.1.

1.6.3 Environmentally relevant parameters

The environmentally relevant parameters of tailings and waste-rock management facilities can
be subdivided into two categories: (1) operational, and (2) accidental. Both have to be taken into
consideration.

During operation the ‘typical’ emissions to air, water and land have to be considered and
techniques to reduce these emissions will be discussed in this document. However, two very
important environmental issues which need to be highlighted are:

e the generation of acid rock drainage and
e the occurrence of accidental bursts or collapses.

1.6.3.1 Typical emissions and management of water and reagent

e Emissions to air can be dust, odour and noise. Usually the latter two are of less concern
unless the tailings or waste-rock are transported with trucks and there is residential housing
nearby. Dust can consist of materials such as quartz or any other components found in rocks
and minerals, including metals.

o Emissions to water can include reagents from mineral processing, such as
= cyanide
= xanthates
= acids or bases resulting in low or high pH
» solid or dissolved metals or metalliferous compounds (e.g. iron, zinc, aluminium)
= dissolved salts e.g. NaCl, Ca(HCOs),, etc,
* radioactivity (in coal tailings/waste-rock heaps)
= chloride (coal mines)
= suspended solids.

e Emissions to land can occur via settled dust or via the seepage of liquids from tailings
and/or waste-rock management facilities into the ground. The building and removal of
temporary storage piles is one often occurring source of land contamination. This is also
true for the construction of industrial areas, railway banks, tailings dams, etc., using waste-
rock containing, e.g. ARD producing material.

¢ Overall management of water and reagents, such as:
= Consumption and treatment and/or recycling of
» reagents (e.g. flotation reagents, cyanide, flocculants) and
» water
prior to discharge into tailings facility or surface water
» management of precipitation and surface water (e.g. gathering in ditches).
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It should be noted that emissions to land are a highly site-specific issue and that there are very
few default emission scenarios currently available to characterise these emissions.

1.6.3.2 The environmental impact of emissions

Effluents and dust emitted from tailings and waste-rock management facilities, controlled or
uncontrolled, may be toxic in varying degrees to humans, animals and plants. The effluents can
be acidic or alkaline, may contain dissolved metals and/or soluble and entrained insoluble
complex organic constituents from mineral processing, as well as possibly natural occurring
organic substances such as humic and long-chain carboxylic acids from the mining operations.
The substances in the emissions, together with their pH, dissolved oxygen, temperature and
hardness, may all be important aspects in the toxicity to the receiving environment.

Certain reagents, such as cyanides, frothers and xanthates require long retention time, oxidation
(air, bacteria, sunlight) and, for xanthates, temperatures above 30 °C to decompose. Therefore
the planning of the mineral processing circuit and the TMF must consider the environmental
impacts of these substances and the potential need for extra ponding or treatment to provide for
certain reagents’ decomposition.

[21, Ritcey, 1989]

The actual environmental impact of emissions to watercourses always depends on many factors
such as concentration, pH, temperature, water hardness etc. However, Ritcey [21, Ritcey, 1989]
and many other sources, provide tables listing, e.g.:

maximum and minimum pH levels for various aquatic life form
ammonia toxicity data

acute toxicity data for various flotation agents

toxicity of specific chemicals

toxicity data for flocculant and coagulants.

These tables can give an impression of the potential impact of certain reagents, but, as
mentioned above, the whole picture has to be taken into consideration.

The following table shows the effects of some metals on humans, animals and plants.

Metal Effect
Arsenic Highly poisonous and possibly carcinogenic in humans. Arsenic poisoning can range from
(As) chronic to severe and may be cumulative and lethal
Cadmium is concentrated in tissue and humans can be poisoned by contaminated food, especially
Cadmium fish. Cd may be linked to renal arterial hypertension and can cause violent nausea. Cd
(Cd) accumulates in liver and kidney tissue. It depresses growth of some crops and is accumulated in

plant tissue

B 16 - B N N . B 3
Chromium | Cr” is toxic to humans and can induce skin sensitisations. Human tolerance of Cr~ has not been

(Cr) determined
Lead A cumulative body poison in humans and live-stock. Humans may suffer acute or chronic
(Pb) toxicity. Young children are especially susceptible

Hg and its compounds are highly toxic, esp. to the developing nervous system. The toxicity to

I(\I/I{ezgr)c ury humans and other organisms depends on the chemical form, the amount, the pathways of
exposure and the vulnerability of the persons exposed

Copper Small amounts are considered non-toxic and necessary for human metabolism. However, large

(Cu) doses may induce vomiting or liver damage. Toxic to fish and aquatic life at low levels

Iron (Fe) Essentially non-toxic but causes taste problems in water

Manganese | Affects water taste and may stain laundry. Toxic to animals at high concentrations
(Mn)

Zinc (Zn) May affect water taste at high levels. Toxic to some plants and fish

Table 1.8:  Effects of some metals on humans, animals and plants
[53, Vick, 1990]
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1.6.3.3 Acid rock drainage

The past two decades have brought widespread awareness of a naturally occurring
environmental problem in mining known as ‘Acid Rock Drainage’ or ARD. Though difficult to
reliably predict and quantify, ARD is associated with sulphide ore bodies mined for Pb, Zn, Cu,
Au, and other minerals, including coal. While ARD can be generated from sulphide-bearing pit
walls, and underground workings [13, Vick, ], only tailings and waste-rock are considered in
this document.

The key issues that are the root of these environmental problems are:

tailings and/or waste-rock often contain metal sulphides
sulphides oxidise when exposed to oxygen and water
sulphide oxidation creates an acidic metal-laden leachate
leachate generation over long periods of time.

Unless otherwise mentioned the following information is from [20, Eriksson, 2002].

The basics of ARD
When sulphide minerals come into contact with water and oxygen they start to oxidise. This is a
slow heat generating process (kinetically controlled exothermal process) which is promoted by:

high oxygen concentration
high temperature

low pH

bacterial activity.

The overall reaction rate for a specified quantity of sulphides is also dependant on other
parameters such us, for example, the type of sulphides and the particle size, which also governs
the exposed surface area. When the sulphides oxidise they produce sulphate, hydrogen ions and
dissolved metals.

Tailings and waste-rock consist of the different natural minerals found in the mined rock. In the
unmined rock, often situated deep below the ground level, the reactive minerals are protected
from oxidation. In oxygen-free environments, such as in deep groundwater, the sulphide
minerals are thermodynamically stable and have low chemical solubility. Deep groundwater in
mineralised areas, therefore, often has a low metal content. However, when excavated and
brought to the surface, the exposure to atmospheric oxygen starts a series of bio-geo-chemical
processes that can lead to production of acid mine drainage. Hence, it is not the content of metal
sulphides in itself that is the main concern, but the combined effects of the metal sulphide
content and the exposure to atmospheric oxygen. The effect of exposure increases with
decreasing grain size and, therefore, increased surface area. Hence the sulphides in the finely
ground tailings are more prone to oxidation [14, Hoglund, 2001].

Tailings and waste-rock are normally composed of a number of minerals, of which the sulphides
only constitute one part, if present at all. Therefore, if sulphide oxidation occurs in mining
waste, the acid produced may be consumed by acid consuming reactions in varying degrees,
depending on the acid consuming minerals available. If carbonates are present in the mining
waste, pH is normally maintained as neutral, the dissolved metals precipitate and thus are not
transported to the surrounding environment to any significant degree. Other acid consuming
minerals include alumino-silicates. The dissolution of alumino-silicates is kinetically controlled
and cannot normally maintain a neutral pH in the drainage.

The interaction between the acid producing sulphide oxidation and the acid consuming
dissolution of buffering minerals determines the pH in the pore water and drainage, which in
turn influences the mobility of metals. If the readily available buffering minerals are consumed,
the pH may drop and ARD will then occur.
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The release of ARD to surface- and groundwater deteriorates the water quality and may cause a
number of impacts, such as depletion of alkalinity, acidification, bioaccumulation of metals,
accumulation of metals in sediments, effects on habitats, elimination of sensitive species and
unstable ecosystems.

The chemical processes of acid generation and acid consumption are explained in Section 2.7

Weathering at the field scale

ARD may be produced where sulphide minerals are exposed to the atmosphere (oxygen and
water) and there are not enough readily-available buffering minerals present. In mining this
could be in, e.g., waste-rock deposits, marginal ore deposits, temporary storage piles for the ore,
tailings deposits, pit walls, underground workings or in heap leach piles. Historically sulphide-
containing material has also been used for construction purposes at mine sites, e.g. in the
construction of roads, dams and industrial yards. However, regardless of where ARD production
occurs, the fundamental processes behind the generation of ARD are the same.

Figure 1.21 schematically shows some of the most important geochemical and physical
processes and their interaction and contribution to the generation of ARD and the possible
release of heavy metals from mining waste. As can be concluded from the figure, the ARD and
metal release will depend primarily on the sulphide oxidation rate, the potential
immobilisation/remobilisation reactions along the flow path and the water flow. However, the
sulphide oxidation rate is dependant on redox conditions (Eh), pH, and microbial activity. The
pH is, in turn, determined by the sulphide oxidation rate and buffering reactions (carbonate
dissolution and silicate weathering). Furthermore, the potentially metal retaining immobilisation
reactions that can occur along the flow path are dependant on pH, redox conditions and the
sulphide oxidation rate.

Silicate weathering |« _ | Carbonate mineral
dissolution

A

A

Microbial activity pH

i |

A

»| Sulphide oxidation p{ Metal immobilisation
and remobilisation
A
Eh
| ARD and/or
Water flow "| metal release
Gas diffusion » O, mass transfer [«

Figure 1.21: Schematic illustration of some of the most important geochemical and physical
processes and their interaction and contribution to the possible release of heavy
metals from mining waste

|20, Eriksson, 2002]
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At the field-scale not only are the temporary variations of material characteristics important for
the evolution of the drainage water quality but the spatial variations will also be a factor to take
into account. The resulting drainage characteristics depend on a number of additional
parameters, such as infiltration rate, evaporation rate, oxygen profile in the deposit, height of the
deposit, and the construction of the deposit. Heterogeneities in the material characteristics, such
as varying mineralogy and degree of compaction, are other parameters that may affect the
drainage water quality. Due to the normally long residence time of the infiltrating water in the
deposit, the influence of various immobilisation reactions (precipitation and adsorption) can also
be significant. The interaction between the tailings and/or waste-rock and the atmosphere is
illustrated schematically in the following figure.

Precipitation Evaporation

ace run-off
Oxidation \ §

Buffering
recipitatio

Groundwater

Figure 1.22: Schematic illustration of the drainage water generation as a function of the interaction
between the tailings or waste-rock in the facility and the atmosphere
[20, Eriksson, 2002]

1.6.3.4 Accidental bursts or collapses

The bursts or collapses of tailings dams at operations in Aznalcollar and Baia Mare have
brought public attention to the management of tailings ponds and tailings dams. However, it
should not be forgotten that the collapse of tailings and waste-rock heaps can cause severe
environmental damage. The dimensions of either type of tailings management facility can be
enormous. Dams can be tens of metres high, heaps even more than 100 m and several
kilometres long possibly containing hundreds of millions of cubic metres of tailings or waste-
rock. At the other extreme are ponds the size of a swimming pool or heaps smaller than a
townhouse.

The following two pictures show the two extremes. Figure 1.23 shows a pond containing 330
Mm” of tailings and Figure 1.24 shows a small settling basin.

Figure 1.23: Example of a large tailings pond (330 Mm®)
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Figure 1.24: Example of a small tailings settling basin

Tailings dams are built to retain slurried tailings. In some cases, material extracted from the
tailings themselves is used for their construction. Tailings dams have many features in common
with water retention dams. Actually, in many cases they are built as water retaining dams,
particularly where there is a need for the storage of water over the tailings [9, ICOLD, 2001].

Heaps are used to pile up more or less dry tailings or waste-rock.
The collapse of any type of TMF can have short-term and long-term effects. Typical short-term
consequences include:

flooding
blanketing/suffocating
crushing and destruction
cut-off of infrastructure
poisoning.

Potential long-term effects include:

e metal accumulation in plants and animals
e contamination of soil
e loss of animal life.

Guidelines for the design, construction and closure of safe TMFs are available in many
publications. If the recommendations given in these guidelines were to be closely followed, the
risk of a collapse would be greatly reduced. However, major incidents continue to occur at an
average of more than one a year (worldwide) [9, ICOLD, 2001]

An investigation of 221 tailings dam incidents has identified the main causes for the reported
cases of dam failures. The main causes were found to be lack of control of the water balance,
lack of control of construction and a general lack of understanding of the features that control
safe operations. It was found that only in very few cases did unpredictable events, such as
unexpected climatic conditions or earthquakes, cause the bursts [9, ICOLD, 2001].
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1.64 Site rehabilitation and after-care

When an operation comes to an end, the site needs to be prepared for subsequent use. Usually,
these plans are part of the permitting of the site from the planning stage onwards and should,
therefore, have undergone regular updating, depending on changes in the operation and in
negotiations with the permitters and other stakeholders. In some cases, the aim is to leave as
little a footprint as possible, whereas in other cases, a complete change of landscape may be
aimed for. The concept of ‘design for closure’ implies that the closure of the site is already
taken into account in the feasibility study of a new mine site and is then continuously monitored
and updated during the life cycle of the mine. In any case, negative environmental impacts need
to be kept to a minimum.

Some sites can be handed over to the subsequent user after a relatively simple reclamation, e.g.
after reshaping, covering and re-vegetation. In other cases, after-care will need to be undertaken
for long periods of time, sometimes even in perpetuity.

It is impossible to restore a site to its original condition. However, the operator, the authorities
and the stakeholders involved have to agree on the successive use. It will usually be the
operators responsibility to prepare the site for this. In order to receive a permit for the closure,
the characteristics of the impounded material should be well determined (e.g. amounts, quality/
consistency, possible impacts). As indicated in Section 1.6.3.3 avoiding future ARD is a main
concern for the closure design for tailings with a net ARD potential.
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2 COMMON PROCESSES AND TECHNIQUES

This chapter aims to provide background information to non-experts in the management of
tailings and waste-rock. Together with the specific glossary this chapter should allow the reader
to understand the subsequent chapters.

2.1 Mining techniques

The extraction of an ore, (a process called mining), subsequent mineral processing and the
management of tailings and waste-rock are, in most cases, considered to be a single operation.
Even though this document does not cover the ore extraction, the subsequent mineral processing
techniques and tailings and waste-rock management are all highly dependent on the mining
technique. Hence, it is important to have an understanding of the most important mining
methods.

For the mining of solids, there are four basic mining concepts:

(1) open pit

(2) underground mine
(3) quarry and

(4) solution mining.

The choice between these four alternatives depends on many factors, such as:

value of the desired mineral(s)

grade of the ore

size, form and depth of the orebody
environmental conditions of the surrounding area
geological, hydrogeological and geomechanical conditions of the rock mass
seismic conditions of the area

site location of the orebody

solubility of the orebody

environmental impact of the operation

surface constraints

land availability.

Often the uppermost part of an orebody is mined in an open pit, but over time and with
increasing depth, the removal of overburden makes this mining method uneconomical, so
deeper parts are sometimes mined underground (see figure below). An alternative to continuing
the mining underground, is often to stop production altogether, as the processing plant may have
designed for large tonnages only, which are difficult to achieve underground. Mining costs are
significantly higher underground, which is another reason for often ruling out this possibility. It
also may be rejected if the orebody is not continuous enough to allow economical underground
mining. Rock stability may also set limits on any underground mining.
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Figure 2.1: Transition from open pit to underground mining
[93, Atlas Copco, 2002]

If open pit is the chosen mining method, it will, in most cases, result in larger amounts of waste-
rock. This is indicated in the following two figures. The waste-rock may be deposited close to
the open pit, backfilled into the current or nearby mined out open pits or crushed and sold if
there is a market for the material.
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In the example shown in the above figures the amounts of topsoil, overburden and waste-rock
that will have to be moved using the open pit technique are greater than with underground
mining. In the latter case, a shaft and drifts are constructed from which the ore can be mined
more selectively, meaning areas of waste-rock and/or low grade ore can mostly be left out. The
waste-rock that has to be mined is either moved within the mine or hoisted to the surface.

It should be noted that the above drawings only show schematic drawings of one scenario. As
will be described in the following section there are many different types of orebodies. Also the
grades can vary quite significantly, for example, in most cases, viable industrial minerals
deposits have an ore grade of between 50 and 99 %. This is one of the main differences with the
metallic ores, where grades are much lower.

For underground mining, it is also possible to backfill mined out areas. This may be difficult to
realise in open pit operations that progress vertically while they still being mined, unless the
backfill material can be moved to another pit. However open pits that progress horizontally are
typically progressively restored.

211 Types of orebodies

The type of orebody has a big influence on the choice of mining method. The following types of
orebodies are known, with classification depending on the form of the orebody or the
distribution of the ore:

e seam-type orebody
vein-type orebody

e massive-type orebody (e.g. massive sulphides with high variations of grade within the
orebody; limestone orebodies with very consistent grades)

e disseminated-type orebody (e.g. copper porphyries).

Often the disseminated type has a ‘cap’ of weathered sulphides (hence oxides) on top of a
disseminated-type orebody. The ore within this weathered cap is called ‘gossan’.
21.2 Underground mining methods

There are many different ways of exploiting an orebody using underground mining methods.
The most commonly used underground mining methods are:

Mining method Application
Longwall mining Flat, thin seam type ore bodies, soft rock
Room and pillar Inclined massive-type ore bodies and flat seam-type deposits
mining
Sublevel stoping Steep, large ore bodies (massive- or disseminated-type)

Steep, firm ore bodies, selectivity, mechanisation

Cut and fill mining (seam-, vein-, massive-, disseminated-type)

Sublevel and block Steep, large or massive ore bodies, extensive development effort (mostly
caving massive-, disseminated-type)

Table 2.1:  Most important underground mining methods and their areas of application
|47, Hustrulid, 1982]

Section 3.1.4.1 provides an example of a highly mechanised underground mining operation
using large-scale sublevel caving.
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These methods have been widely described in literature (e.g. AIME/SME Underground mining
methods handbook, http://sg01.atlascopco.com). The basic objective of selecting a method to
mine a particular orebody is to design an ore extraction system that is most suitable under the
existing circumstances. This means aiming for lowest operational costs. This decision is based
upon both technical and non-technical factors (e.g. high productivity, complete extraction of the
ore, safe working conditions).

In ‘room and pillar’ mining, some of the ore remains unmined and serves as support (the pillars)
for the mine shafts. In some cases, backfilling is used to allow subsequent mining of these
pillars.

A reduction of tailings can be achieved by using the most selective mining method, i.e. by
insuring that only undiluted ore is fed to the mineral processing plant, so that the amount of
waste-rock that has to be handled, is minimised. Feeding diluted ore to the mineral processing
plant results in a decrease in recovery and, therefore, results in larger amounts of the desired
mineral being lost in the tailings.

2.2 Mineralogy

Basically it is possible to differentiate between oxide, sulphide, silicate and carbonate minerals,
which, through weathering and other alterations, can undergo fundamental changes (e.g.
weathering of sulphides to oxides). Mineral paragenesis and intergrowth are important bases for
the subsequent mineral processing and, thereby, the tailings and waste-rock management.
Therefore, a basic knowledge of the mineralogical composition is of utmost importance.

Mineralogy is set by nature and determines, in many ways, the subsequent recovery of desired
minerals and the tailings and waste-rock management. Mineralogy often changes within an
orebody and hence during the life of a mine. Sometimes these changes are well known and can
be planned for, sometimes they occur unexpectedly. Some examples are listed below:

e oxides on top and sulphides in deeper lying parts of the orebody, which require completely
different mineral processing and tailings management methods

e ore type changing from a copper ore to a zinc ore

e ore type changing from a magnetite to a haematite type iron ore (Malmberget).

Mineralogy has a big influence on the mining technique chosen and the sequencing of mining
operations. For example, for gold mining the gossan is mined because it is more easily
accessible and naturally enriched and is easier to recover. The deeper lying sulphides have to be
oxidised before they can be recovered, which makes the process less profitable. For copper, it is
also easier to recover the oxide section, which can easily be leached using sulphuric acid, than
the sulphides, which have to be recovered using flotation.

The sulphide content, which is determined by mineralogy, influences the tailings and waste-rock
management, because of its acid generating potential (see Section 2.7).

Having a good knowledge of mineralogy is an important precursor for:

e environmentally sound management (e.g. separate management of acid-generating and non-
acid-generating tailings or waste-rock)

e a reduced need for end-of-pipe treatments (such as the lime treatment of acidified seepage
water from a TMF)

e more possibilities for utilising tailings and/or waste-rock as aggregates.
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2.3 Mineral processing techniques

The purpose of mineral processing is to turn the raw ore from the mine into a marketable
product.

231 Equipment

The following information is all taken from [105, Wotruba, 2002].

2.3.11 Comminution

Comminution is an essential element of mineral processing. It requires a great deal of
expenditure in terms of energy consumption and maintenance. In comminution, the particle size
of the ore is gradually reduced. This is necessary for many reasons, e.g.:

e to liberate one or more valuable minerals from the gangue in an ore matrix

e to achieve the desired size for later processing or handling

e to expose a large surface area per unit mass of material, thus aiding some specific chemical
reaction (e.g. leaching)

e to satisfy market requirements relating to particle size specifications.

Comminution is composed of a sequence of crushing and grinding processes.

After grinding, the ore, often in slurry form, ‘contains’ the now liberated ore particles and the
tailings material which need to be separated in later process steps. The characteristics of the ore,
in combination with the equipment used for the crushing and grinding, determine the physical
properties of the tailings, such as the particle shape and particle size distribution.

2.3.1.141 Crushing

Crushing is the first stage in the comminution process. This is usually a dry operation, which
involves breaking down the ore by compressing it against rigid surfaces or by impacting it
against hard surfaces in a controlled motion flow.

This process step prepares the ore for further size reduction (grinding) or for feeding directly to
the classification and/or concentration separation stages. Tailings are usually not generated in
this process step.

Typical types of crushers are:

jaw crushers
gyratory crushers
cone crushers
roll crushers
impact crushers.
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2311.2 Grinding

Grinding is the final stage in the comminution process and requires the most energy of all the
mineral processing stages. Because of this, the tendency is to first blast (in the mine) or crush
the ore as fine as possible to reduce the amount of larger materials sent to grinding, thereby
reducing the overall energy consumption in grinding and, hence, comminution. If possible,
grinding is performed ‘wet’ as this requires less energy, allowing energy savings of up to 30 %
compared to dry grinding. In grinding, the particles are usually reduced by a combination of
impact and abrasion of the ore by the free motion of grinding bodies such as steel rods, balls or
pebbles in the mill.

Tumbling mills
Tumbling mills consist of a rotating cylindrical steel vessel on a horizontal axis, with openings

on both ends for feeding and discharging material. The vessel contains tumbling bodies that are
free to move as the mill rotates on its horizontal axis (the vessel rotating on hollow trunnions
fastened to the end walls). The tumbling bodies include balls, rods, or other shapes and forms,
and are made of steel, cast iron, hard rock, ceramic materials or may even consist of the material
itself being reduced (pebbles).

The most commonly used tumbling mills are:

e rod mills, for product sizes: <1 mm

e ball mills, for product sizes: <100 pm

e autogenous (AG) mills, semi-autogenous (SAG) mills; product size: in combination with
ball mills typically <1500 pm; if only AG or SAG mill:<100 pm possible.

Figure 2.4 and figure 2.5 respectively show a ball mill and a grinding circuit, consisting of AG
mills and ball mills used for primary and secondary grinding.

Figure 2.4: Ball mill
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Figure 2.5: Grinding circuit with AG mills (primary grinding, right side) and ball mills
(secondary grinding, left side)

In rod and ball mills, the grinding media are rods and balls made of steel and sometimes
ceramic. Sometimes, conical steel pieces, called cylpeps, are used as a grinding medium in ball
mill size mills. As reflected by the name, in AG mills the ore grinds itself. For this purpose,
larger ‘pebbles’, i.e. fist size pieces, of the ore are required in the mill. In SAG mills, these
pebbles are assisted by a small loading, compared to rod and ball mills, of steel balls.

Tumbling mills are essential for fine grinding of large quantities (e.g. for froth flotation feed or
agitation leaching feed).

The degree of grinding is governed by the ore characteristics and the chosen method(s) of
extracting the valuable minerals, e.g. flotation requires a fine feed. However, overgrinding will
generate ‘slimes’ which can reduce the efficiency of flotation and as a secondary effect could
also lead to tailings that take a longer time to dewater and become stable in a pond.

Beside tumbling mills, other important types of grinding equipment are agitated mills and
vibrating mills.

Agitated mills
Agitated mills are used for very fine wet grinding. Agitated mills (or tower mills) are vertical

steel cylinders filled with 80 - 90 % grinding media which are agitated by an internal flighted
axis. Throughput is a maximum of 100 t/h, feed size <I mm, and the product size will be
1-100 pm.

Vibrating mills
Vibrating mills are used for very fine grinding (dry or wet). Continuous vibrating mills are

horizontal steel cylinders filled with 60 — 70 % grinding media, agitated by an eccentric drive.
Throughput is a maximum of 15 t/h, for product sizes of <10 pm.

2.3.1.2 Screening

Screening can be defined as a mechanical operation which separates particles according to their
sizes and their acceptance or rejection by openings of a screening face. Particles that are bigger
than the apertures of the screens are retained, and constitute the oversize. Conversely, those that
are smaller pass through the screening surface, forming the undersize. There are many different
types of industrial screens, which may be divided into stationary and moving screens. The most
important reasons for screening in mineral processing are:
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e to avoid undersize material entering the crushers

e to avoid oversize material passing to the later stages in the grinding process or in closed-
circuit fine crushing

e to produce material of controlled particle size, e.g. after quarrying.

2.3.1.3 Classification

Classification may be described as the separation of solid particles into two or more products
according to their velocities when falling through a medium. The velocity of the particles
depends on their size, density and shape. In mineral processing, classification is mostly carried
out wet, with water being used as the fluid medium. Dry classification, using air as the medium,
is used in several applications (cement, limestone, coal). Classification is normally performed
on minerals considered too fine to be separated effectively by screening.

2.3.1.31 Settling cones and hydraulic classifiers

Uses: Cones (or settling cones) are mostly used for de-sliming. Hydraulic classifiers in the
mineral industry are used either to receive final products (sand industry) or to prepare feed into
several particle size ranges for subsequent gravity concentration processes.

Principles and construction: Settling cones are conical vessels, where the pulp is introduced
vertically from the top. Coarse particles settle down and leave the vessel through the underflow
spigot, fine particles leave the vessel with most of the water over the upper rim (overflow).
Hydraulic classifiers use extra water, which is injected into the separating vessel. The direction
of water flow is opposite to that of the settling particles. In general, hydraulic classifiers are
composed of a sequence of columns, in which a vertical current of water rises inside each
column with heavier particles settling out first. A typical hydraulic classifier is the ‘Fahrenwald
classifier’, widely used in the glass and foundry sand industry. New hydraulic classifiers are the
‘allflux’ or similar models, that combine hydraulic classification with autogenous dense medium
thus combining classification with dense medium separation (mostly used to de-coal sands).

F: Feed
L: Light fraction
H: Heavy fraction

Figure 2.6: Hydraulic classifier
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2.3.1.3.2 Hydrocyclones

Uses: Widely applied in mineral processing for fine classification (mostly <100um), often in a
closed-circuit with ball mills for flotation or leaching feed preparation and for special fine final
products (kaolin). They are particularly efficient for fine separation sizes, such as de-sliming,
thickening and de-gritting.

Principle and construction: A hydrocyclone is a vessel composed of a cylindrical section with
a tangential feed entrance, joined to a lower conical part. The feed is accelerated and rotates at
high speed within the vessel, transporting the coarse particles by centrifugal forces to the inner
wall, from where it moves down along the conical part and leaves the vessel through the
underflow spigot. The slower settling fine particles stay in the centre of the fluid, which forms
an inner upstream current and leaves the vessel through the central upper discharge opening. To
avoid short-cuts, the upstream is collected by an adjustable inner piece of pipe, connected to the

overflow outlet (vortex finder).
- Overflow

Vortex finder

e W ()]
entrance

Apex valve

Underflow
discharge

Figure 2.7: Hydrocyclone

The separation size and the throughput depend on the diameter of the hydrocyclone. For larger
throughputs hydrocyclones are used in parallel.

2.3.1.3.3 Mechanical classifiers

Uses: Formerly closed-circuit grinding operations, dewatering, washing and de-sliming
operations, were frequently used in milling circuits, but they are now gradually being replaced
by hydrocyclones. Nowadays, they are mostly used in the sand and gravel industry and in
smaller ore processing plants.
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Principles and construction: Mechanical classifiers consist of a settling tank with parallel
sides and an inclined base, which is equipped with a device that constantly promotes the
agitation of the pulp and removal of the settled solids. The feed pulp is fed into the classifier,
forming a settling pool in which particles of high falling velocity rapidly fall to the base of the
tank. Mechanical rakes or helical screws drag the material deposited on the equipment bottom,
upwards. At the same time, the material of lower settling velocity is taken away in a liquid
overflow. There are various types of mechanical classifiers available, mainly ‘spiral classifiers’
and ‘rake classifiers’.

General technical data spiral classifiers:

e tanklength: 3—12m

tank width: 0.3 — 6.5 m

spiral circumferential speed: 10 — 40 m/min
tank inclination: 14 - 18°

rate of flow: 10 - 90 m’/h.

F : Feed
H : Heavy fraction
L : Light fraction

Figure 2.8: Rake and spiral classifiers

2314 Gravity concentration

Gravity concentration is a method of separating minerals of different density by the force of
gravity or by other forces, such as centrifugal force or the resistance to movement offered by a
viscous fluid, such as water or air. The motion of a particle in a fluid is dependent not only on
its specific gravity, but also on its size and shape. Advanced gravity concentration has proven
itself to be an alternative to flotation and leaching, since, among other reasons, no reagents are
required.

2.31.441 Dense medium separation

Gravitational vessels
Uses: Coal industry, also iron and chromite ore processing.
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Principle and construction: Gravitational vessels include containers into which both the feed
and dense medium are introduced. The floats are separated by paddles or simply by overflow,
while the sinks can be removed by different means according to the separator design. The most
complicated part of the separator design is the discharge of the sinks, as the purpose is to
remove the sink particles without draining the dense medium by producing disturbing
downward currents in the vessel. There are numerous types of gravitational vessels available,
such as the “Wemco cone separator’, ‘drum separators’, or the ‘Drewboy bath.

General technical data:
Drewboy bath:

o feed particle size: up to 1000 mm
o rate of flow: 25 — 150 t/h per m of wheel width.

; F :Feed
'HL HL: Heavy liquid
H : Heavy fraction
L :Light fraction

Figure 2.9: Drewboy bath

Centrifugal separators

Uses: Treatment of coal, chromite, baryte, fluorspar, etc. and for the concentration of particles
in the intermediate size range, in particular those too small for conventional gravity-type
separators but too large for froth flotation.

Principles and construction: In centrifugal separators, centrifugal acceleration aids the
gravitational acceleration in separating minerals with low densities from those with high
densities. The two most important types of dense medium centrifugal separators are the ‘DSM
cyclone’ commonly called ‘dense medium cyclone’ and the ‘Dyna-Whirlpool (DWP)’ and
similar types (e.g. the “Tri-Flow’, which is basically a three-product separator consisting of two
in-line Dyna-Whirlpools). A similar size to the Dyna-Whirlpool in design but larger in capacity
and feed size is the ‘Larcodems’-separator.

General technical data:
DSM cyclone (dens media cyclone):

feed size: metal ores in the size range 0.5 - 10 mm, and coal in the size range 40 - 0.5 mm
diameter: 250 - 1500 mm

maximum density: 3 t/m’

capacity: up to 30 t/h.
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Dyna Whirlpool (DWP):

e feed size: coal, diamonds, tin and lead-zinc ores in the size range 0.5 - 30 mm, barytes,
feldspar

e cylinder inclination: 30°

e capacity: 30 - 100 t/h

e diameter: 250 - 400 mm.

231.4.2 Jigging

Uses: Jigging is used today in pre-concentration or in the sorting process of coarse material
(mainly coal). Many large jig plants are in operation in the gold, barytes, coal, cassiterite,
tungsten, iron-ore, sand and gravel industries.

Principles and construction: In jigging the ore particles are held up on a perforated screen or
plate in a layer many times higher than the thickness of the major particle. This layer or ‘bed’ is
exposed to an alternating increasing and decreasing (pulsating) flow of fluid in an attempt to
produce stratification, causing all the high density particles to move to the base of the bed while
the low specific gravity particles assemble at the top of the bed. The fluid is commonly water.
There are various types of jigs such as the ‘Denver mineral jig’, the ‘circular jig’, the ‘Baum
jig’and the ‘Batac jig’.

General technical data (examples):

Denver Mineral Jig (mostly used for heavy minerals, in milling circuits):

high frequency: 280 - 350/min

fine grains: 100 pm — 5 mm

application: heavy minerals and sulphides
maximum setting surface: 2 x (60 x 90 cm)
maximum throughput: 30 t/h.

Batac jig (mostly used for coal):
e width: upto7m

e length: upto 6 m
e throughput: up to 1000 t/h.

STROKE
DOWN

Figure 2.10: Denver mineral jig
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23143 Shaking tables
Uses: Treatment of coal, gold, heavy minerals, tantalum, tin, barite, glass sands, chromite, etc.

Principles and construction: The shaking table can be described as a platform deck with a
slight inclination, riffles and a rectangular or rhomboid form. The shaking table is commonly
built from wood or fibreglass. Water and solids are fed onto its upper edge. The table vibrates
longitudinally as a result of slow forward strokes and quick returns. The minerals move slowly
along the table, under exposure to two forces. The first force is caused by the deck movement
and the second one by a streaming film of water. The outcome is that the minerals separate on
the deck, the lighter, bigger grains being taken to the tailings launder whilst the denser, smaller
grains are carried in the direction of the concentrate launder at the far side of the deck. The
concentrate can be divided into various products, for example a middling fraction and a high-
grade concentrate, by adjustable splitters situated at the concentrate end. The shaking table has
various designs and operating variables which regulate the process.

Figure 2.11: Shaking table

23144 Spirals

Uses: Diverse applications, principally used in the processing of heavy mineral sands, gold, tin,
tantalum, glass sands, and fine coal

Principles and construction: Spirals consist of a helical trough with a modified semicircular
cross-section. The slurry is fed into the top of the spiral and during its helical course, the grains
are stratified as a consequence of different mechanisms such as the differential settling rates of
the particles, centrifugal forces and interstitial trickling through the flowing particle layer.
Product bands are removed through adjustable splitters along the helix and/or at the lower
discharge end of the spiral. Nowadays, several types of spirals are applied for gravity
concentration, all developed from the original ‘Humphreys spiral’.
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General technical data:

e processable particle size: coal: 0.1 —4 mm, metal ores: 0.02 — I mm
e throughput: 1-3 t/h per spiral.

Figure 2.12: Spiral bank

2.3.1.4.5 Cones

Other than the settling cones mentioned in Section 2.3.1.3.1, which classify the feed according
to grain size, cones are used for separation according to specific gravity.

Uses: In high-capacity gravity concentration applications for fine material (<1 mm), such as in
the treatment of beach sands; pre-concentration of tin, iron and gold, recovery of wolframite and
chromite, and in the concentration of magnesite.

Principles and construction: Several stages of upgrading can be carried out in a single unit of
equipment, since the equipment consists of several cone sections piled vertically. In the
‘Reichert cone’, for example, a vertical distributor cone distributes the feed at high pulp density
around the periphery of an upturned concentration cone. When the feed flows in the direction of
the cone centre the heavy mineral particles separate to the bottom of the film. An annular slot in
the base of the concentrating cone withdraws this concentrate while the fraction of the film
flowing over the slot, constituting the tailings, falls into the feed box for the second stage.

General technical data:
e cone diameter: 2 m

e solids content: 55 — 65 %
e throughput: 70 — 100 t/h.
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Figure 2.13: Reichert cone

2.3.1.5 Flotation

Uses: This is the most important separation technique used in mineral processing for base-metal
ores. Originally used to concentrate sulphides, ores of copper, zinc and lead, it is nowadays also
used in the treatment of non-metallic ores such as fine coal, fluorite and phosphate, potash,
oxides such as cassiterite and haematite; and oxide minerals, such as cerussite and malachite.

Principles and construction: In flotation, the separation of minerals is accomplished by
utilising the differences in their physico-chemical surface properties. For instance, after
conditioning with reagents, some particles become water repellent or hydrophobic (or
aerophilic), while other particles remain hydrophilic. In the selective separation process, the air-
bubbles stick to the hydrophobic (or aerophilic) particles, lifting them to the water surface and
forming a stable froth, which is removed. The hydrophilic particles remain within the pulp and
are discharged. Flotation processes generally consist of several stages to clean the concentrates
again and to scavenge the remaining valuable minerals from the tailings.

Figure 2.14: Flotation process
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Flotation cells
There are two principal types of flotation cells: pneumatic and mechanical.

mechanical cells are the traditional and most widely used devices applied in flotation plants.
They consist of steel vessels which have a mechanically driven impeller that causes the
dispersion of the air as small bubbles and agitates the slurry. Several single cells are
mounted to a bank. The froth overflows or is removed with mechanical paddles

there are two main types of pneumatic flotation cells: flotation columns and the short
pneumatic flotation cell. Flotation columns consist of a high (up to 15 m) vertical steel
cylinder of up to 3 m diameter. The feed pulp enters the cylinder at about three quarters of
of the way up. Air enters into the vessel through a sparger at the lower end of the cylinder.
Charged froth is washed by water sprays before it leaves the cylinder over the upper rim.
The tailings with the hydrophilic particles leave the cylinder through the underflow spigot.
Short pneumatic flotation machines do the bubble-particle collision outside the separating
vessel in the pulp feeding tube, through various mixing devices or ‘reactors’, where
compressed air is pumped into the pulp. The three-phase mixture enters the separating
vessel, where the charged bubbles rise to the upper rim, where they then leave the vessel,
while the tailings are discharged at the conical bottom.

Figure 2.16: Pneumatic flotation cell
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2.3.1.6 Magnetic separation

Uses: Tramp iron removal, concentration of ferromagnetic and paramagnetic minerals, cleaning
of glass sands

Principles and construction: Magnetic separation is based on the different magnetic properties
of minerals. In general, minerals can be divided into three groups according to their magnetic
characteristics: diamagnetics, paramagnetics or ferromagnetics. Diamagnetics are materials
which are repelled by a magnet and so are not able to be separated magnetically. Paramagnetics
are materials that are attracted weakly to a magnet and can be concentrated in ‘high-intensity
magnetic separators’. Ferromagnetics are also materials attracted to a magnet, but this attraction
is much stronger than in paramagnetics. Consequently, ‘low-intensity magnetic separators’ are
applied to concentrate them.

The most commonly used magnetic separators are:

e dry low-intensity separators. These include drum separators principally utilised to
concentrate coarse sands (cobbing process); cross-belt separators and disc separators both
applied in the processing of sands; and ‘magnetic pulleys’ used for tramp iron removal

e wet low-intensity separators: drum separators are used to cleanse the magnetic medium in
the Dense Medium Separation (DMS) circuits and to treat ferromagnetic sands, bowl traps,
magnetising coils and demagnetising coils

e dry high-intensity magnetic separators: induced roll separators are used in the concentration
of phosphate ore, glass sands, beach sands, tin ores and wolframite

e wet high-intensity magnetic separators: Jones separator are applied in the treatment of low-
grade iron ores containing haematite.

Figure 2.17: Low-intensity drum separators

2.31.7 Electrostatic separation

Uses: Concentration of minerals such as ilmenite, rutile, zircon, apatite, asbestos, haematite and
potash.

Principles and construction: Electrostatic separation is a method which utilises forces acting
on charged or polarised bodies in an electric field to carry out mineral concentration. Different
mineral particles, depending on their conductivity, will follow different paths in an electric field,
making it possible to separate them. Some significant factors in this process include the
mechanical and electrical characteristics of the separator and the size, form, specific gravity,
surface condition and purity of the mineral particles. Mineral particles have to be entirely dry
and the moisture of the surrounding air must be controlled. Electrostatic separators can be
divided into plate electrostatic separators and screen electrostatic separators.
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2.31.8 Sorting

Uses: Separation of industrial minerals, such as magnesite, barytes, talc, limestone, marble,
gypsum, flint; recovery of wolframite and scheelite from quartz; treatment of gold ores, uranium
ores and the recovery of diamonds.

Principles and construction: Ore sorting has been carried out since ancient times. Even though
‘hand sorting’ is nowadays not so common as it once was, mainly because of the large
quantities of low-grade ore requiring very fine grinding, it is still applied in remote and
underdeveloped countries. The mechanised procedures of sorting can be divided into
photometric sorting, radiometric sorting (with uranium ores) and electrical sorting (resistance
test, metal detectors).

Photometric sorting is a process, where the ore is separated into different fractions after an
optical examination. The feed particles must be coarse enough e.g. (usually greater than about
10 mm) for sorting equipment to effect the desired separation at an acceptable rate. Some
detectable characteristics, or combination of properties, must be present to allow a
discrimination of the valuable, from the non-valuable, material. The basis of the photometric
sorter is a light source and a sensitive photomultiplier, used in a scanning system to detect light
reflected from the surfaces of the feed. An electronic circuit analyses the photomultiplier signal,
which varies with the intensity of the reflected light, and produces control signals to activate the
appropriate valves of an air-blast rejection device to take away certain particles selected by
means of the analysing process.

2319 Leaching

Uses: Extraction of rock salt, potash, gold (dissolution of native gold in cyanide solutions) and
silver, uranium ore (dissolution of uraninite in carbonate solutions), copper and also residual
substances.

Principles and construction: Leaching is a method where valuable minerals are selectively
dissolved from a material by a lixiviant, normally aqueous solution, resulting in a rich solution
(with high concentration of valuable compounds). Afterwards, the valuable mineral needs to be
recovered, for instance by precipitation. The valuable mineral or compound can appear in the
material being leached in at least three physical forms: as free particle, as multiphase particle in
which the valuable mineral is exposed on at least one side to the lixiviant, and as inaccessible
material surrounded by gangue material. In the first two cases, the valuable mineral can be
directly leached.

There are several techniques of leaching. These can be grouped into fixed bed procedures, such
as percolation leaching, heap leaching, and in-situ leaching, as well as leaching in a pulp in
movement such as in agitation leaching (tank leaching) and pressure leaching. There is also a
‘biological leaching” which uses the bacteria thiobacillus ferrooxidans and thiobacillus
thiooxidans.
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Figure 2.18: Heap leaching

Figure 2.19: Leaching tank

2.3.1.10 Dewatering

Thickening
Uses: Thickening is extensively applied in pre-dewatering of concentrates and in tailings

dewatering for water recovery, due to its comparatively low cost and high capacities compared
to filtering. Intermediate thickening is also applied in several mineral processing techniques.

Principles and construction: Thickening is a sedimentation process that results in a large
increase in the concentration of the suspension and in the formation of a clear liquid. Thickeners
are tanks from which the settled and thickened solids are removed at the bottom as an underflow
and the clear liquid flows to an overflow point or launder system at the top. They may be batch
units, such as the baffle-plate thickener, or continuous units. Continuous thickeners are normally
constructed of a cylindrical tank made of steel (mainly less than 30 m in diameter), concrete or a
combination of both with the depth ranging from approx. 1 to 7 m and the diameter from
approx. 2 to 200 m. In the tank, there will be one or more rotating radial arms, each possessing a
series of blades. These blades rake or scrape the settled solids towards the underflow withdrawal
point. There are several types of continuous thickeners, for instance bridge thickeners, centre pie
thickeners, traction thickeners, tray thickeners and high-capacity thickeners.
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General technical data:
Continuous thickener:

e diameter: 2 —200 m
e diameter/height:
= small thickener: 1:1 up to 4:1
= large thickener: up to 10:1
Baffle-plate thickener:

e effective surface lamella thickener: up to 600 m*

Figure 2.20: Continuous thickener

Filtering

Uses: Dewatering of flotation concentrate, magnetic concentrates and several non-metallic
minerals; removing pregnant solution from the leached solid in the cyanide process; washing the
dewatered filter cake; clarifying decanted pregnant solution and in collecting precipitate.

Principles and construction: Filtration can be regarded as the process of separating solids from
a liquid by means of a permeable septum, which holds the solid but allows the passage of liquid.
Filtration often follows thickening, whereby the thickened pulp may be fed to storage agitators
where sometimes flocculants are added and from where it is drawn off at a uniform rate to the
filters. The most common types of filters employed in mineral processing are ‘cake filters’ in
which the principal requirement is the recovery of large solid amounts from quite concentrated
slurries. Cake filters are classed essentially as ‘vacuum filters’ and ‘pressure filters’, depending
on the means employed for effecting the required pressure difference on the two sides of the
porous medium. They may be also ‘batch’ or ‘continuous’ types.

The most frequently utilised types of pressure filters are ‘filter presses’, which are constructed
in two main forms: ‘the plate-and-frame filter press’ and ‘the chamber press’. The operating
pressure in the plate and frame press can achieve 25 bar.

On the other hand, there are several types of vacuum filters, such as ‘continuous drum filters’
(made in a wide variety of designs), ‘continuous disk filters’ and ‘horizontal belt filters’.
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General technical data:

plate-and-frame filter press:

* platesize:upto2x2m

= filter surface: maximum 1500 m? per machine

continuous drum filter:

= filter surface: approximately up to 120 m2

continuous disk filter:

= larger filter surface per volume unit: approximately up to 200 m?

Filter cloth support upper rails Cloth wash spray bars

Fixed head g

¥
Parallel hydraulic cylinders

e

Filter cake discharge chute Moving head Load cells

Figure 2.21: Plate-and-frame filter press

Figure 2.22: Drum filter
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Figure 2.23: Disk filter

Centrifuging
As an alternative to plate-and-frame filter presses, solid bowl centrifuges are used for

dewatering.
General technical details include:

e drum diameter: up to 1100 mm
e drum length: up to 3300 mm
e throughput: max. 15 tonnes (dry basis)/hour

Dewatering by means of centrifuges results in a lower solid contents compared to plate-and-
frame filter presses. Therefore, the dewatered material behaves more like a jelly than a cake.
Flocculants have to be added for optimal results.

2.3.2 Reagents

Flotation reagents

Flotation reagents are the various chemical compounds used in the flotation process, which
assure the appropriate conditions for the operation. They are selectively employed according to
the ore type. They comprise ‘collectors’, ‘frothers’ and ‘regulators’.

e collectors: are ‘surface-active substances’, i.e. organic compounds which adsorb on mineral
surfaces, leaving them hydrophobic and making bubble adhesion possible They are divided
into ionising or non-ionising compounds. Non-ionising collectors are practically insoluble
and cover the surfaces of minerals with an high natural hydrophobicity (mainly coal), to
strengthen its water-repellent properties. Ionising collectors dissolve in water and have a
heteropolar structure, that means a non-polar group (hydrocarbon group) which has water-
repellent properties, and a polar group which attaches to the mineral surface. The type of
polar group classifies the collector: anionic (carboxylic, sulphates, sulphonates, xanthates
and dithiophosphates), cationic (amine) collectors or amphoteric collectors

e frothers: are reagents that help to keep the stability of the froth, e.g. acids, amines and
alcohols

e regulators or modifiers: are reagents which regulate the flotation operation. They are classed
as activators, depressants or pH modifiers. Activators allow collector adsorption on minerals
by changing the chemical character of the mineral surfaces. Such substances are generally
soluble salts. Depressants (water glass, starch, quebracho, etc.) conversely render minerals
hydrophilic, thereby stopping them floating. pH modifiers (such as lime, soda and caustic
soda for alkalinity, and predominantly sulphuric acid for acidification) control the pH of the
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pulp, which has an important influence on most process steps (collector and depressant
adsorption, etc.)

e flocculants: in German hard coal processing plants, flocculants for industrial use are applied
based either on polyacrylates or on polyacrylamides.

233 Effects on tailings characteristics
Tailings characteristics
Gr%m 317€| Generation Specific| % ARD Surface (Particle
Process step distri- . . |Reagents| pH |. .
bution of fines | surface |solids influence | properties | shape

Comminution X X' X X - - X X X
Screening X X - - - - - - -
Classification X X - X - - X - -
Gravity conc. - - - X - - X - -
Flotation - - - X X [ x° X X -
Magnetic sep. - - - - - - X - -
Electr. sep. - - - - X - X X -
Sorting - - - - - - X - -
Leaching - - - X X X - X -
Thickening - - - X* X’ - - X -
Filtering - - - X X [X7 - X -

1) e.g. agitated mill generates more fines than ball mill

2) crushing dry, tumbling mills and agitated mills wet process

3) excessive screening can lead to generation of fines

4) flotation is a wet process with about 30 - 40 % solids in metal ore processing and 5 - 15 % solids in coal
processing, in most cases water will have to be added

5) see 2.3.2 for details

6) raised or lowered

7) usually no reagents, however, for fines sometimes dispersion agents are used for deagglomerisation

8) obviously % solids are reduced by thickening

9) often use of flocculants (see 2.3.2 for details)

10) e.g. by using flocculants such as aluminium sulphate or lime, which change pH

Table 2.2:  Effects of mineral processing steps on tailings characteristics

Screening and classification have an indirect influence on the grain size distribution and
generation of fines if they are used in a closed-circuit with grinding, such as a ball mill in closed
circuit with a cyclone. In this example, the ball mill discharge is fed to a cyclone. The cyclone
overflow is of such a grain size that the desired mineral is liberated for subsequent separation or
concentration. The cyclone underflow needs further size reduction and is led back to the ball
mill. In this example, the classifier ensures that overgrinding in the mill does not occur.

It should be noted that for magnetic (if wet) and gravity separation, the percentage of solids may
have to be adjusted, hence the process steps also change the percentage of solids. However, this
does not impact upon the tailings management if the tailings go through a thickener, prior to
discharge to the pond.

The column on ‘ARD influence’ highlights process steps that either alter the accessibility to
sulphides (i.e. comminution) or change the sulphide content in the tailings (for instance,
electrostatic separation can remove part of the pyrite). The ARD influence of flotation can be
both positive (sulphides removed to the concentrate) and negative (other minerals removed and
the sulphides remain in the tailings). Comminution mainly has the effect of making sulphide
minerals more accessible and, thereby, enhances ARD generation.

It is obvious that comminution changes the surface properties. However, in fact all process steps
where reagents are added influence the surface properties.
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234 Techniques and processes
2341 Alumina refining

Alumina refining is the process that uses bauxite as a raw material to produce alumina. Alumina
is a white granular material and is properly called aluminium oxide. The Bayer refining process
used by alumina refineries worldwide involves four steps - digestion, clarification, precipitation
and calcination.

Alumina is converted into aluminium via smelting, and these techniques are described in the
BREF on non-ferrous metals industries. [35, EIPPCB, 2001]

The digestion (dissolution) of aluminium ‘hydrate’ (e.g. Al,O5:3H,0) from the bauxite is carried
out under pressure in high temperature (around 250 °C) sodium hydroxide. The insolubles, sand
and red mud, are separated by cycloning, decantation, and, after washing and filtration, are
deposited in the TMF. The aluminium hydrate is precipitated as a white slurry and dried
(calcined) to produce alumina (Al,O;), as a white crystalline product in particles of about 90 pm
size. Six to four tonnes of bauxite are needed to produce two tonnes of alumina and
subsequently one tonne of aluminium [22, Aughinish, ].

Bauxite from mine

Raw materials

preparation
CaO
l v
Steam
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Figure 2.24: Typical flow sheet of Bayer-process
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This process is normally carried out close to the mine site but there are sites in Europe where
bauxite is converted to alumina at the same site as the aluminium smelter or at stand-alone
alumina refineries.

More information about alumina refinery is available at:
http://www.world-aluminium.org/production/refining/.

2.3.4.2 Gold leaching with cyanide

Strictly speaking leaching is less a typical mineral processing technique than a
hydrometallurgical process. However, for gold leaching it is applied to run-of-mine ore or is
integrated into the other mineral processing steps (e.g. after comminution and gravity separation
or flotation). Therefore leaching is generally considered to be part of mineral processing.
Although other minerals may be leached and lixiviants other than cyanide are used (e.g. salt can
be leached or dissolved with water, copper may be leached with sulphuric acid), due to the high
toxicity of cyanide and the public concern about its use in the mining sector, this chapter will
focus on the use of cyanide in the leaching of gold. However, it should be noted that cyanide
may also be used in the flotation of sulphides, as a depressant for pyrite (FeS,).

The following text on the use of cyanide for the leaching of gold is taken from the “International
cyanide management code for the manufacture, transport and use of cyanide in the production
of gold” (www.cyanidecode.org), unless otherwise stated. From this website, information about
cyanide chemistry and sampling and analytical methods has been dowloaded and attached in
Annex 1.

Use of cyanide in the gold industry

Gold typically occurs at very low concentrations in ores, i.e. less than 10 g/t or 0.001 %. At
these concentrations the use of hydrometallurgical extraction processes, i.e. based on aqueous
chemistry, are the only economically viable methods of extracting the gold from the ore.
Typically hydrometallurgical gold recovery involves a leaching step during which the gold is
dissolved in an aqueous medium, followed by separation of the gold bearing solution from the
residues or adsorption of the gold onto activated carbon and finally gold recovery either by
precipitation or elution and electrowinning (see the following figure).
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Figure 2.25: The principles of gold recovery by leaching

Often a gravity separation circuit is incorporated into this process after comminution to recover
the sufficiently coarse gold particles (>30 um) prior to leaching. The use of gravity separation in
the field of gold recovery is rapidly advancing into ever smaller particles sizes (see Chapter 6).

Gold is one of the noble metals and, as such, is not soluble in water. The presence of a
complexant, such as cyanide, which stabilises the gold species in solution, and an oxidant, such
as oxygen, are required to dissolve gold. The amount of cyanide in solution required for
dissolution may be as low as 350 mg/l or 0.035 % (as 100 % NaCN).

Alternative complexing agents for gold, such as chloride, bromide, thiourea, and thiosulphate
are available but form less stable complexes and, thus, require more aggressive conditions to
dissolve the gold. These reagents are often more expensive to use and/or also present risks to
health and the environment. This explains the dominance of cyanide as still the primary reagent
for the leaching of gold from ores.

Ore preparation
The aim of ore preparation is to present the ore to the lixiviant (the aqueous cyanide solution) in

a form that will ensure optimum economic recovery of the gold. The first step in ore preparation
is crushing and grinding, which reduces the particle size of the ore and liberates the gold for
recovery.

Ore that contains free gold may not yield a sufficiently high recovery by means of cyanide
leaching only, and may require a gravity recovery process where the free gold is recovered
before the remainder of the gold is subject to cyanide leaching.
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Gold bearing ores that contain gold associated with sulphide or carbonaceous minerals require
additional treatment, besides size reduction, prior to gold recovery. Gold recovery from sulphide
ore is poor because the cyanide preferentially leaches the sulphide minerals rather than the gold,
and cyanide is consumed by the formation of thiocyanate. These ores are subject to a
concentration process, such as flotation, followed by a secondary process to oxidise the
sulphides, thus limiting their interaction with the cyanide during the gold leach. Carbonaceous
minerals adsorb the gold after it has been dissolved. This is prevented by oxidising the ore prior
to leaching. The leaching process may also be modified to counter this effect, by the addition of
activated carbon to preferentially adsorb the gold.

Leaching with aqueous cyanide solutions

Gold is leached in aqueous cyanide by oxidising it with an oxidant such as dissolved oxygen
and complexing it with cyanide to form a gold-cyanide complex. This complex is very stable
and the cyanide required is only slightly in excess of the stochiometric requirement. However,
in practice, the amount of cyanide used in leach solutions is dictated by the presence of other
cyanide consumers and the need to increase the rate of leaching to acceptable levels.

In practice, the typical cyanide concentrations used range from 300 to 500 mg/1 (0.03 to 0.05 %
as NaCN), depending on the mineralogy of the ore. The gold is recovered by means of either
heap leaching or agitated pulp leaching.

With heap leaching, the ore or agglomerated fine ore is stacked in heaps on a pad lined with an
impermeable membrane. The term ‘dump leaching’ is sometimes applied to heap leaching of
uncrushed ore. Cyanide solution is introduced to the heap by sprinklers or a drip irrigation
system, the solution percolates through the heap, leaching the gold from the ore. The gold
bearing solution is collected on the impermeable membrane and channelled to storage facilities
for further processing. Heap leaching is attractive due to the low capital cost involved, but is a
slow process and the gold extraction efficiency is also relatively low.

In a conventional milling and agitated leaching circuit, the ore is milled in semi-autogenous, ball
or rod mills to the consistency of sand or powder. The milled ore is conveyed as a slurry to a
series of leach tanks. The slurry is agitated in the leach tanks, either mechanically or by means
of air injection, to increase the contact of cyanide and oxygen with the gold and to enhance the
efficiency of the leach process. As mentioned earlier, the cyanide dissolves gold from the ore
and forms a stable gold-cyanide complex.

The pH of the slurry is raised to pH 10 - 11 using lime, at the head of the leach circuit to ensure
that when cyanide is added, hydrogen cyanide gas is not generated and the cyanide remains in
solution and hence available to dissolve the gold. The slurry may also be subject to other
preconditioning, such as pre-oxidation at the head of the circuit, before cyanide is added.

Where oxygen instead of air is used as the oxidant, it has the advantage of increasing the leach
rate and also decreasing cyanide consumption due to the inactivation of some of the cyanide
consuming species present in the slurry.

Where carbon is used to recover the dissolved gold, highly activated carbon is introduced into
the process, either directly into the leach tanks (referred to as Carbon-in-Leach - CIL) or in
separate tanks after leaching (referred to as Carbon-in-Pulp - CIP). The activated carbon adsorbs
the dissolved gold from the solution component of the leach slurry, thereby concentrating it onto
a smaller mass of solids. The carbon is then separated from the slurry by screening and
subjected to further treatment to recover the adsorbed gold, as described below.

Where carbon is not used to adsorb the dissolved gold in the leach slurry, the gold bearing
solution must be separated from the solids component of the slurry, utilising filtration or
thickening units. The resultant solution, referred to as pregnant solution, is subjected to further
treatment (other than by carbon absorption) to recover the dissolved gold, as discussed under
gold recovery.
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The material from which the gold has been removed by adsorption or liquids/solids separation is
referred to as tailings. The tailings are either dewatered to recover the water and residual
cyanide reagent, treated to either neutralise or recover cyanide, or sent directly to the TMF (see
Section 3.1.6.3).

Recovery of dissolved gold

The gold is recovered from the solution by using cementation on zinc powder (the so-called
Merrill-Crowe process) or by first concentrating the gold using adsorption on activated carbon,
followed by elution and either cementation with zinc or electrowinning. For efficient
cementation, a clear solution is required, which is typically prepared by filtration or counter
current decantation. These are capital-intensive processes and have been superseded by
processes using adsorption of the dissolved gold onto activated carbon. Adsorption is achieved
by contacting the activated carbon with the agitated pulp. This can be done while the gold is still
being leached with the Carbon-in-Leach or CIL-process, or following leaching with the Carbon-
in-Pulp or CIP-process. Activated carbon in contact with a gold containing pulp can typically
recover more than 99.5 % of the gold in the solution in 8 to 24 hours. The loaded carbon is then
separated from the pulp using screens that are air or hydro-dynamically swept to prevent
blinding by the near-sized carbon particles. This separation of ore particles (typically <100 um)
from the coarser carbon particles (>500 um) is a lot less capital intensive than the filtration
needed when using the Merrill-Crowe technique).

The fine barren ore, i.e. the tailings, is then either thickened to separate the cyanide containing
solution for recovery or destruction of the cyanide, or sent directly to the TMF, where the
cyanide containing solution is often recycled to the leach plant.

The gold adsorbed on the activated carbon is recovered from the carbon by elution, typically
with a hot caustic aqueous cyanide solution. The carbon is then regenerated and returned to the
adsorption circuit while the gold is recovered from the eluate using either zinc cementation or
electrowinning. This gold concentrate is then calcined, if it contains significant amounts of base
metals, or directly smelted and refined to gold bullion that typically contains about 70 — 90 %
gold. The bullion is then further refined to either 99.99 % or 99.999 % fineness, using
chlorination, smelting and electrorefining. Recently developed processes utilise solvent
extraction to produce high purity gold directly from activated carbon ecluates, or following
intensive leaching of gravity concentrates.

Process operation and the environment
The following are sources of cyanide emissions to the environment:

e (N to air as HCN
e seepage from tailings ponds
e tailings pond discharges required to manage overall water balance.

It is part of normal operation to attempt to optimise process economics. This coincides with the
objective of minimising cyanide impact on the environment and cyanide consumption. Process
economics are sensitive to the amount of cyanide consumed in the process. Increased cyanide
addition may have a ‘double-barrelled’ effect, meaning the operating costs increase through the
extra amounts of cyanide that have to be purchased as well as because of the higher amounts of
cyanides that will have to be destroyed or recycled prior to effluent discharge. Cyanide
classified as ‘consumed’ from a process point of view may still be active from an environmental
perspective, for instance as may be the case with copper cyanide complexes [24, British
Columbia CN guide, 1992].
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2.4 Tailings and waste-rock management
There are many options for managing tailings and waste-rock. The most common methods are:

e dry-stacking of thickened tailings

e dumping of more or less dry tailings or waste-rock onto heaps or hillsides

e backfilling of tailings or waste-rock into underground mines or open pits or for the
construction of tailings dams

o discarding of tailings into surface water (e.g. sea, lake, river) or groundwater
use as a product for land use, e.g. as aggregates, or for restoration

o discarding of slurried tailings into ponds.

Waste-rock is either managed on heaps or is sometimes dumped on existing hillsides.

The ways in which these different techniques are applied will be discussed in this section.

241 Characteristics of materials in tailings and waste-rock
management facilities

This section has been taken from the UK “Spoil heaps and lagoons” technical handbook [130,
N.C.B., 1970].

2411 Shear strength

The shear strength is the most important characteristic of any tailings or waste-rock in the
design of a heap or dam. Normally the appropriate shear strength parameters necessary to carry
out a stability analysis are those related to the effective stress, i.e. the effective cohesion and the
effective angle of shearing resistance. Comparatively small variations in the shear strength
parameters used may have a significant impact on the safety factor. Therefore, strength tests are
carried out on a reasonable number of samples.

2.4.1.2 Other characteristics
Other important characteristics relevant for the stability of a facility are:

particle size distribution: as this influences shear strength

density

plasticity

moisture content

permeability. According to their hydraulic conductivity or coefficient of permeability k (in
m/s), tailings and waste-rock can be classified in five groups according to DIN 18130 part
1:

= very high permeability: >1 x 10™

* high permeability: 1x10%-1x107
= permeable: 1x10°-1x 10"
* low permeability: 1x10%-1x10°

=  very low permeability: <I x 10™®

e consolidation: the amount and rate of settlement of tailings or waste-rock under load are
related to the consolidation characteristic of the soil

e porosity.
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24.2 Tailings dams

Tailings dams are surface structures in which slurried tailings are managed. This type of TMF is
typically used for tailings from wet processing. Ponds consist of 20 — 40 % solids by weight, but
levels from 5 — 50 % solids have been known.

The following figure shows a cross-sectional view of a tailings dam and illustrates the water
cycle of this type of TMF.
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Figure 2.26: Dam water cycle changed from
Changed from [11, EPA, 1995]

The following section on tailings dams is mostly gathered from ICOLD Bulletin 106 [8,
ICOLD, 1996]. Other references are mentioned where appropriate.

The vast majority of tailings are managed on land. This entails the selection of a tract of land on
which the tailings are stored for an extended period while the tailings are being generated by the
mineral processing plant and, unless reclaimed for further treatment, for an indefinite period
thereafter. The deposit must be secure against physical damage from outflow and must not
pollute the surrounding area, neighbouring water courses, the groundwater, or the atmosphere.
Since the tailings are conveyed as slurry from the plant and may remain as a suspension, or
since, thus, may be capable of reverting to a fluid, the deposited mass requires confinement to
the extent necessary to prevent the flow of the material out of the designated area. In most
tailings ponds, the solids settle out of the slurry after discharge and the pond is, therefore,
composed of settled solids and free water. This may be supplemented by natural run-off, in-
flowing groundwater or direct precipitation. The free fluid may be returned to the processing
plant for re-use, stored in the impoundment for future use, or removal by evaporation or it may
be discharged into surface water courses, often after undergoing treatment.

The basic arrangements of tailings dams may be classified as:

existing pit
valley site
off valley site
on flat land.
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Figure 2.27: Illustration of a tailings pond in an existing pit
[8, ICOLD, 1996]

The following gives an actual example of this type of TMF.

Figure 2.28: Picture of a tailings pond in an existing pit

The following two figures illustrate a valley site and an off-valley site tailings pond.

Figure 2.29: Illustration of tailings pond on a valley site
[8, ICOLD, 1996]
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Figure 2.30: Illustration of an off-valley site tailings pond
[8, ICOLD, 1996]

If a tailings pond is built on flat land it is often referred to as a paddock. The following picture
gives an impression of paddocks used in South African gold mining operations.

Figure 2.31: Tailings pond on flat land (Courtesy of AngloGold, South African Division)

For each tailings impoundment, several activities need to be considered, including:

tailings delivery from the mineral processing plant to the tailings dam
dams to confine the tailings

diversion systems for natural run-off around or through the dam
deposition of the tailings within the dam

evacuation of excess free water

protection of the surrounding area from environmental impacts
instrumentation and monitoring systems to enable surveillance of the dam
long-term aspects (i.e. closure and after-care).
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Some of these activities will be discussed in the following sections. Also some aspects of
seepage flow and design flood considerations will be introduced. These two aspects have an
impact on several of the activities listed above.

24.21 Delivery systems for slurried tailings

Slurry transport from the plant to the TMF is usually undertaken by pipeline. In some cases,
open channel conveyance may be used, as it is cheaper. The pipeline is seldom buried.
Occasionally, the slurried tailings are transported from the mineral processing site to the TMF
by trucks.

2422 Confining dams

The construction material and methods used in forming the dam vary widely to accommodate
the particular needs of the selected site, the availability of materials and the financial and
operating policies of the entire operation.

Typically, dams are subdivided into three parts:

1. an upstream section which is capable of retaining the tailings without excessive
penetration/erosion by the tailings themselves (e.g. compacted sand)

2. amiddle section, or core, which provides a passage for seepage water through the structure
in a controlled manner and which will not break down or become blocked by fine material
(e.g. rock or crushed filter stone) and

3. a downstream section which provides toe strength and stability and which will remain ‘dry’
under all circumstances (e.g. sand compacted to a high density). In some circumstances, it
may be necessary to incorporate artificial membranes (filter cloths) between the main
sections of the structure where there is a risk of high seepage and the movement of fine
material.

The dam types may be classified as follows:

e non-permeable (water-retention type) dams
= conventional dam
= staged conventional dam
» staged dam with upstream low permeability zone.

e permeable dams
= dam with tailings low permeability core
» dams with tailings in structural zone
» upstream construction using beach or paddock.

These types will be briefly discussed below.
Note that the term beach used in conjunction with the management of slurried tailings in a pond

means the area of tailings resulting from the settled solid fraction of a tailings slurry in a pond
not covered by free water between the edge of free water and the crest of the dam.
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The purpose of a beach is to establish an area of ‘dry’ tailings against the upstream face of
retaining dams for two important considerations:

1. to prevent water from reaching the crest of the dam where it could cause erosion of the
inside face, or more seriously, lead to excessive leakage through the dam with the
subsequent risk of ‘piping’ and possible damage/collapse of the structure

2. to allow ‘natural’ separation of the coarser and finer particles of the tailings. Where tailings
are discharged into a dam by suspension in water (and most are) the larger sized particles
tend to settle out more quickly. As these ‘dry’ out and consolidate, densities will generally
increase over time, thereby adding to the overall stability of the structure as a whole.

The following picture shows an example of a beach at an alumina refinery’s red mud pond. The
dam’s upstream face and crest can be seen on the left hand side and the free water on the right
hand side. The red section in the middle is considered the ‘beach’.

Figure 2.32: Example of a beach at an alumina refinery’s red mud pond

Conventional dam

This type of dam is completely built before tailings are discharged at the site. Hence, tailings
cannot be used to build the dam. Conventional dams are constructed where the confinement is to
be effected for both tailings and free water during the whole period, from the start of tailings
management to the end of the particular site selected.

[TT] \
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A. Shoulder fill D. Foundation grouting
B. Filter drainage system  E. Deposited tailings
C. Core F. Water in reservoir

Figure 2.33: Conventional dam
[8, ICOLD, 1996]

The purpose of the shoulder fill is to increase the overall dam strength, but also to protect the
core from erosion (wind and water) and from wave action from the free water.
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A conventional central core section is illustrated in the above figure but the range of options is
varied and similar to that for dams designed to confine water alone. In general though, the dam
must be capable of:

e controlling the passage of water
supporting the loads imposed by the tailings and water in the impoundment

e transmitting the seepage water effectively and witho